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INTRODUCTION

Parkinson’s disease is a common neurodegenerative disorder characterized mainly by
tremor, rigidity, akinesia and postural instability (1) all attributed to the loss of
dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and the DA
nerve terminals in the caudate-putamen (2,3). To date, the mechanism(s) underlying the
death of these neurons in this disorder remains unknown. Symptoms of PD can be
alleviated with the use of levodopa, however the progression of the disease still persists
(4). Insights into PD have been achieved through the use of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a specific DA neurotoxin that replicates almost all of the
hallmarks of PD in non-human primates and in various other mammalian species
including a severe irreversible loss of DA neurons in the SNpc and a loss of DA terminals
in the caudate nucleus (5-7). Furthermore, mounting evidence such as the production of
reactive oxygen species like the superoxide radical and nitric oxide (NO) following
MPTP treatment support the oxidative stress hypothesis in the pathogenesis of PD (6).
Using transgenic mice that overexpress human superoxide dismutase (SOD), the enzyme
responsible for ridding the cell of the superoxide radical, we have demonstrated,
previously, that the superoxide radical participates in the MPTP neurotoxic process (7).
Three distinct isoforms of nitric oxide synthase (NOS) synthesize NO. Neuronal NOS
(nNOS) is the principle NOS isoform in the brain and is constitutively expressed
throughout the central nervous system (8-13) whereas endothelial NOS (eNOS) is found
mainly in the endothelial layer of blood vessels and in very low concentrations in the
brain (14, 15). The third form of NOS, inducible NOS (iNOS), is not expressed at all or is
only minimally expressed in the brain (16-18). iNOS expression in the brain has been
shown to be increased in pathological conditions such as stroke, AIDS and PD (16-19). In
fact, iINOS expression has been demonstrated in the SNpc of post-mortem brain tissues
from PD patients (20) indicating that an inflammatory response may be part of the
progressive nature of PD. From previous experience, since we and others have found that
nNOS knockout mice are only partially protected against MPTP’s toxic effects (21-24),
we surmised that other NOS isoforms might indeed take part in the MPTP neurotoxic
effect. Thus, in experiment 1, using several immunostaining techniques and western blot
analyses, we investigated in mouse brain the role of iNOS in the MPTP neurotoxic
process. Our findings that iNOS is up-regulated in the SNpc of MPTP-treated mice is
complementary to our finding that the superoxide radical is involved in the death of DA
neurons following MPTP treatment. Since the superoxide radical and NO are weak
oxidants, individually neither is sufficiently damaging. However, reaction between the
two can produce peroxynitrite, a reactive nitrogen species that can oxidixe the phenolic
rings, particularly tyrosine, of proteins and damage DNA (25,26). Markers for the
oxidation of tyrosine, nitrotyrosine and dityrosine, are indicative of the extent of
peroxynitrite-induced damage to tyrosine residues which are so important to
phosphorylation, signal transduction and catecholamine synthesis in the cell (27). Thus,
in our continuing studies to elucidate the mechanism of cell death in the MPTP
neurotoxic process, using isotope dilution gas chromatography-mass spectrometry, we
determined levels of oxidized and nitrated tyrosine residues and oxidized proteins in
mouse brain tissues following MPTP administration.




BODY OF RESEARCH

Our overall long-term goal is the study of the pathogenesis of PD. To accomplish this, we
have put forth a series of studies using the specific DA neurotoxin MPTP that hopefully
will afford us more insights into the cause(s) of this debilitating disease and possible
therapies thereof. Previously, we have provided strong support for the oxidative stress
hypothesis of PD. Data from our MPTP studies demonstrate that both the superoxide
radical and NO can react with each other to produce the strong oxidant peroxynitrite
which can damage proteins and DNA.

Specific Aim I

To further understand the roles of the superoxide radical and NO in the MPTP neurotoxic
process, Specific Aim I of this award proposes to determine the contributions of
superoxide, NO or both to MPTP neurotoxicity by administering this toxin to different
lines of mice that are genetically engineered to exhibit a greater capacity for detoxifying
superoxide (transgenic copper/zinc-superoxide dismutase [SOD1] mice) and/or a lower
capacity for synthesizing NO (knockout neuronal NO synthase [nNOS] mice and by
assessing the status of the nigrostriatal DA pathway in these different types of mice
following MPTP administration using high performance liquid chromatography (HPLC)
and immunostaining with quantitative morphology. We have not started work on Specific
Aim I yet as it is necessary to breed and crossbreed these mice for this experiment. Prior
to the breeding of these mice for this part of our studies, it is necessary to put them on a
C57/BL mouse background as this is the mouse background that we have used for our
original MPTP studies.

Specific Aim IT

As stated above, there are three isoforms of the NOS enzyme. Therefore, the question is
which NOS isoform is the main contributor to NO formation in the MPTP mouse model
of PD and in PD itself? Previous data from our laboratory demonstrates that the nNOS
inhibitor, 7-nitroindazole at doses that inhibit about 80% of nNOS activity, completely
protected against MPTP-induced DA toxicity in mice whereas nNOS knockout mice,
which have about 10% residual nNOS activity, were only partially protected against
MPTP-induced DA toxicity. These results indicate that although nNOS may be important
in the MPTP-induced DA neurotoxic process, it may not be the only NOS isoform
involved in this process. Of note is the fact that considerable iNOS expression has been
found in the SNpc of post-mortem tissues from PD patients (20). It has also been found in
other situations where neurodegeneration occurs such as in Alzeheimer’s disease and
stroke (16-19), thus, the speculation that an inflammaroty (microglia involvement)
situation may be part of the neurodegenerative process. Since iNOS is only minimally or
not expressed in the brain under normal conditions and up-regulated following MPTP
administration, Specific Aim II addressed the question of the source of NO in the SNpc
following MPTP administration to mice. For a detailed description of the materials and
methods for Specific Aim II, see enclosed Liberatore et al., 1999.




Results

MPTP produces a Robust Glial Response.

The macrophage antigen-1 (MAC-1) and glial fibillary acidic protein (GFAP), specific
markers for microglia and astrocytes were used to gauge the glial response in the SNpc of
MPTP-treated C57/BL mice. In saline-treated animals, faintly immunostained microglia
and astrocytes indicate the resting state of the microglia (figure la-c). In the MPTP-
treated ventral midbrain, glial immunoreactivity are significantly greater than in control,
span the entire SN and show even stronger reactions in the SNpc as demonstrated in
figure la-c. Alterations in MAC-1 indicating activated microglia were evident as early as
12 hours after the last dose of MPTP, persisted to its peak between 24 and 48 hours and
was no different from control by 7 days after acute MPTP (figure 1). On the other hand,
GFAP (astrocytic) alterations were noticeable at 24 hours, maxed out at 4-7 days and
remained above control even at 21 days (figure 1d-f). Striatal responses were similar to
those of the ventral midbrain (data not shown).

MPTP stimulates iINOS expression in glial cells.

The number of INOS-positive cells in the SNpc of the saline-mice were rare to non-
existent (figure 2). However, in MPTP-treated mice, iNOS-positive cell numbers in the
SNpc increased to 250% over control by 24 hours and had returned to control levels by
48 hours (figure 2). To determine the nature of these iNOS-positive cells in the SNpc of
MPTP-treated mice, we used a double staining procedure in which we immunostained
simultaneously for iNOS and either MAC-1 or GFAP. Twenty-four hours after the last
dose of MPTP at the time when iNOS-positive cells reach their peak in the SNpc, MAC-
1-positive activated microglia showed iNOS-positive immunoreactivity (figure 2).
GFAP-positive cells did not exhibit any iNOS immunostaining and no iNOS-positive
cells were found in the striatum at any time point following MPTP.

iNOS mRNA levels and enzymatic activity increase following MPTP.

Ventral midbrain of saline-injected mice show very little mRNA (figure 3). In contrast,
iNOS mRNA levels in midbrain from MPTP-injected mice were detected as early as 12
hours, reached maximum levels at 48 hours and was undetectable by 4 days after MPTP
injection (figure 3). Striatal INOS mRNA levels remained low throughout the entire time-
course study. In agreement with ventral midbrain mRNA levels, iNOS enzymatic
activity in saline injected mice very low whereas iNOS enzymatic activity in this brain
area increased rapidly as early as 12 hours following MPTP. INOS enzymatic activity
peaked at 48 hours then slowly receded to control activity by 7 days. Like striatal mRNA
levels, striatal iNOS enzymatic activity was not affected by MPTP throughout the entire
time course study. nNOS enzymatic activity was consistently higher than iINOS
enzymatic activity and was unchanged following MPTP administration.

iNOS-deficient mice are resistant to MPTP neurotoxicity.

Since MPTP increases iINOS expression and up-regulates iNOS mRNA levels in normal
wild-type mice, the definitive proof that iNOS is the primary sourse of NO in the MPTP
neurotoxic process is to examine MPTP’s neurotoxic effects in mice deficient in the
iNOS enzyme. iNOS knockout mice (INOS™ received the same MPTP dosing schedule




or saline as wild-type littermate mice and were sacrificed at the same time points.
Stereological counts of SNpc DA neurons, defined by tyrosine hydroxylase (TH) and
Nissl stalmng, revealed no differences in cell count numbers between saline-injected
iNOS™ mice and their wild-type littermates (Table 1). In the MPTP-treated groups, 29%
of the TH-immunostained and 46% of the Nissl-stained SNpc neurons in wild-type mice
survived MPTP whereas twice as many TH-immunostained and Nissl-stained neurons in
the iNOS™ group survived the MPTP onslaught. Interestingly, the extent of loss of striatal
DA, DOPAC and HVA was not different between both groups of mice after MPTP
treatment (Table 2).

Mlcrogllal responses and MPP+ iNOS™ mice.

iNOS” mice exhibit the same increases in MAC-1 immunostaining as thelr wild-type
littermates following MPTP treatment even though they possess no iNOS™ gene (figure
5). However, they also exhibit no differences from their wild-type littermates in striatal
MPP+ accumulation following MPTP administration (Table 3).

Brain nitrotyrosine levels in iNOS™ and wild-type littermate mice.

NO is reported to damage DNA and nitrate the tyrosine residues in the phenolic rings of
proteins. Usmg dot-blot analys1s we determined nitrotyrosine (NT) levels in selected
brain regions of iNOS™ mice and their wild-type littermates following either saline or
MPTP injections. In the saline-injected mice, striatum and cerebellum had the highest NT
levels followed by cerebellum and frontal cortex (Table 4). In the MPTP-injected mice,
NT levels were significantly increased in striatum and ventral midbrain but unchanged in
cerebellum and frontal cortex (Table 4). However, NT increases in ventral midbrain from
iNOS™ mice were smaller than those in their wild-type littermates. On the other hand, NT
increases in striatum from iNOS™ mice and their wild-type littermates were similar
(Table 4)

Discussion

The present study demonstrates that gliosis is a prominent neuropathological response in
the SNpc and the striatum in the MPTP mouse model as in PD (28,29). Our data suggest
that inflammatory-related events, such as gliosis, may be a part of the degeneration of
dopaminergic neurons in the MPTP model. For example, activated microglial cells in the
SNpc appear much earlier than reactive astrocytes when only minimal neuronal death has
occurred (30). This supports the view that because the microglial response to MPTP
occurs early enough in the neurodegenerative process, it may contribute to the death of
SNpc dopaminergic neurons. We also found that these cells increase in number following
MPTP administration, and that they are the site of iNOS upregulation. Thus, it may be
that activated microglial cells can overwhelm surrounding dopaminergic neurons with
significant amounts of iNOS-derived NO as well as with other reactive species such as
superoxide radicals (31) which is in keeping with the deleterious role of microglia (31).
Astrocytic responses to MPTP were quite distinct from that of microglia since changes in
the density of reactive astrocytes in both striatum and SNpc paralleled rather than
preceded the active phase of dopaminergic neuron degeneration (30). Therefore, the
observed astrocytic reaction is not a primary event in the loss of dopaminergic neurons




which suggests that reactive astrocytes may propogate rather than initiate the
neurodegenerative process.

Experiments, both in vitro and in vivo, indicate that iNOS transcription can be induced by
cytokines such as tumor necrosis factor-a (TNF-o), interleukin-1§ (IL-1f), and
interferon-y (IFN-y) (32-34) as well as by ligation of the macrophage cell surface antigen
CD-23 (35). Relevant to PD, is the fact that glial cells immunoreactive for TNF-a, IL-
1B, IFN-y, and CD-23 has been detected in the SNpc of PD brains (36). In agreement
with this transcriptional induction model of INOS, we found INOS mRNA levels
increased in the ventral midbrain of MPTP-injected mice but not in the striatum of these
mice even in the face of a strong glial reaction here. Among various possibilities, it may
be hypothesized that the discrepancy in the iNOS response between striatum and ventral
midbrain reflects either different modes of iNOS regulation in these two brain regions or
the existence of a striatal factor that suppresses the induction of INOS (37).

Our data on microglial INOS immunoreactivity in the SNpc of MPTP-injected mice agree
with the situation reported in PD brains in which iNOS immunoreactivity was observed
in SNpc microglia/macrophages (20). It also provides critical insights into these autopsy
findings, by suggesting that iNOS upregulation is not due to the chronic use of anti-PD
drugs such as L-DOPA, nor to any alteration that occurs at end-stage PD. Our findings
do, however, feed into the hypothesis that iNOS-mediated NO and superoxide production
(31) may contribute to the neurodegenerative process in this model and in PD. Since NO
can traverse membranes and diffuse to neighboring neurons, whereas superoxide cannot
readily transverse cellular membranes (38), it is unlikely that microglial-derived
extracellular superoxide has access to dopaminergic neurons to directly trigger
intracellular toxic events. But, NO could react with superoxide in the extracellular space
to form the highly reactive tissue-damaging species, peroxynitrite, which can cross the
cell membrane and injure neurons. Therefore, microglial-derived superoxide, by
contributing to peroxynitrite formation, may be significant in this model. The presumed
absence of a direct role for extracellular superoxide in the MPTP-induced neurotoxic
process does not negate the previously demonstrated instrumental role of intracellular
superoxide in this MPTP model (6), especially that produced within dopaminergic
neurons consequent to the mitochondrial electron transport chain blockade by MPP".
Twice as many SNpc dopaminergic neurons survived MPTP administration in iNOS™
mice compared to their wild-type littermates which is consistent with the involvement of
iNOS in the MPTP neurotoxic process. Since activated microglia can exert deleterious
effects unrelated to NO, it must be emphasized that the iNOS™ mice showed no evidence
of impaired microglial activation in response to MPTP and that iNOS™ macrophages,
which do not produce NO, remain responsive to IFN-y and, once activated, preserve their
respiratory burst capacity (39) that includes the formation of superoxide (40). We also
found that ablation of iNOS was not associated with alterations in the formation of the
MPTP active metabolite, MPP", which is the most significant modulating factor of MPTP
potency (40). Thus, it can be postulated that the resistance of iNOS’ mice to MPTP is
due to the lack of iNOS expression and reduced NO formation, and not to a microglial-
deficient respiratory burst capacity or an altered MPTP metabolism. The resistance of the
SNpc dopaminergic neurons in iNOS™ mice was not accompanied by a comparable
sparing of striatal dopaminergic fibers, as levels of dopamine and its metabolites
following MPTP administration were similarly decreased in iNOS” mice and their wild-




type littermates. In the SNpc, MPTP caused significant iINOS upregulation and,
constitutively, there are only a few midbrain nNOS-positive neuronal elements which are
not of dopaminergic nature and which do not have a close relationship with SNpc
dopaminergic neurons (9, 41). Conversely, in the striatum, MPTP did not cause any
detectable iNOS upregulation and, constitutively, there are numerous nNOS-positive
neurons and nerve fibers (9). Therefore, the significant preservation of the SNpc
dopaminergic neurons with the loss of striatal dopaminergic fibers in MPTP-injected
iNOS™ mice can be explained by the fact that MPTP-mediated damage of striatal
dopaminergic nerve fibers, unlike SNpc dopaminergic neurons, do not significantly rely
on NO produced by iINOS, but rather by other NOS isoforms such as nNOS (22).

We noted that ventral midbrain iNOS enzymatic activity was about six-fold lower than
nNOS enzymatic activity in this same brain region. Thus, how could iINOS, a seemingly
insignificant component of total NOS enzymatic activity, significantly modulate MPTP-
induced SNpc injury. Since NO must travel from the its site of release to the
dopaminergic neurons and ventral midbrain nNOS-positive neuronal elements are away
from dopaminergic structures, it is likely that the amount of nNOS-derived NO that
reaches the target neurons is much less than one could anticipate in light of nNOS
catalytic activity. On the other hand, ventral midbrain iNOS-positive microglial cells are
in close proximity to dopaminergic structures which would make the amount of iNOS-
derived NO reaching target neurons conceivably quite significant. Furthermore, since
nNOS activity is under the dynamic regulation of calcium, it is probable that midbrain
nNOS does not produce anywhere near six-fold as much NO as iNOS.

From a mechanistic point of view, NO is a weak oxidant, thus, by itself, it is not
sufficiently damaging enough to participate directly in MPTP’s deleterious effects.
However, NO-derived species with stronger oxidant properties, such as peroxynitrite, can
indeed cause direct injury to the dopaminergic neurons (42). Peroxynitrite can also nitrate
tyrosine residues (43) which may serve as a stable biomarker for peroxynitrite actions.
Our demonstration that nitrotyrosine levels were significantly increased following MPTP
administration only in brain regions known to be susceptible to the toxin support the
involvement of peroxynitrite in MPTP neurotoxic process (21, 24, 25). More striking still
is the fact that the MPTP-injected iNOS™™ mice, which showed significantly less SNpc
dopaminergic neuronal loss, also showed significantly smaller increases in ventral
midbrain nitrotyrosine levels compared to their wild-type counterparts.

Our data provide clear evidence for a pivotal role of microglial iNOS-derived NO in the
cascade of deleterious events that ultimately leads to SNpc dopaminergic neuronal death
in the MPTP mouse model and in PD and suggest that the inhibition of iNOS may be a
valuable target for the development of new therapies for PD aimed at attenuating the
actual loss of dopaminergic neurons. However, since this study also shows that iNOS
inhibition is not effective in preserving striatal nerve fibers from MPTP neurotoxicity, the
ideal therapeutic approach for PD may rely on the combination of INOS inhibitors with
agents that promote nerve fiber re-growth, stimulate dopaminergic function and preserve
dopaminergic nerve terminals. This makes perfect sense as multi-drug strategies have
been successful in the treatment of other pathological conditions, such as HIV infection
and cancer.
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Fig. 1 MPTP-induced glial reaction. a—c, Ventral midbrain MAC-1 (a and
b) and GFAP (a and ¢) expression is minimal in saline-injected mice (S), but
increases in a time-dependent manner after MPTP injection. Data repre-
sent mean + s.e.m. (n = 4-5). **, P < 0.01 and *, P < 0.05, compared with
saline, Newmas-Keuls post-hoc test. d-i, There is a robust MAC-1 (d) and
GFAP (g) immunostaining in the SNpc of MPTP-treated mice compared
with that in saline-treated control mice (f and i) at 24 h after injection. e
and h, Magpnification of the boxed areas in d and g shows that the MAC-1-
and GFAP-immunoreactive cells in the MPTP-treated mice seem to have a
morphology typical of activated microglia cells (¢) and of reactive astro-
cytes (h). Scale bars represent 200 um (d,f,g,/; shown in d) and 15 um (e, h;
shown in e).

Fig. 2 MPTP-induced iNOS upregulation. @ and b, SNpc
of a mouse 24 h after MPTP injection (a), containing an e
iNOS-positive cell (b; enlargement of boxed area in a). ¢, All
iNOS-positive cells (black) co-localize with MAC-1 im-
munoreactivity (violet) (long arrow), but several MAC-1-

iNOS P
positive cells do not co-localize with iNOS
immunoreactivity (short arrow). Scale bars represent 200
um (a) and 10 pm (b,c). d, Time course of iINOS-positive
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is still increased at 4 d although it returns to basal levels by 7 d after
MPTP injection, whereas ventral midbrain nNOS activity remains un-
changed throughout. *P < 0.01, higher than all other groups, Newmas-
Keuls post-hoc test.




b WT  iNOS*+

N
S M §s M
MACA—F = ww -~ o=

B-ACHN =P e wwr o e

Fig. 3 MPTP-induced neuronal loss and microglial reaction in iINOS™'
mice. @, SNpc TH-positive neurons are twice as resistant to MPTP in iNOS™-
mice than in wild-type (WT) littermates, 7 d after MPTP injection. In addi-
tion, there is no noticeable difference in TH-positive neuron density after
saline injection between iINOS™ mice and WT littermates (Table 1, actual
neuronal counts). b and ¢, Ventral midbrain western blot analysis (b) and
SNpc immunohistochemical analysis (c) for MAC-1, showing the similarity
of the microglial response between the iNOS”~ mice and their wild-type lit-
termates (WT), 24 h after MPTP injection. Scale bar represents 200 um (a
and ¢, shown in ¢).
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Table 1 Number of neurons in the SNpc

Saline MPTP

Wild-type iNOS™- Wild-type iNOS™
Tyrosine hydroxylase 10,188 £619 9,680 + 496 2,940 + 698* 5,720 + 539**
Nissl 13,563 £ 1007 12,913 +£530 6,300 £ 539* 10,417 £ 380**

SNpc neurons (mean * s.e.m.; n=5 per group) were counted by stereology. *, » < 0.001, fewer than both saline-injected groups;
** P < 0,05, fewer than both saline-injected groups and more than MPTP-injected wild-type mice; Newman-Keuls post-hoc test.

Table 2  Striatal monoamine tevels (ng/mg tissue)

Dopamine DOPAC HVA
Saline (n = 6) 14.7+£0.8 1.6£0.3 29+0.1
MPTP
Wild-type (n=4) 2.8+0.5% 0.7 £0.2* 1.8£0.2*
iNOS™ (n=35) 2.4+0.3* 0.5+£0.1* 1.7 £0.2**

As dopamine, DOPAC, and HVA values did not differ between saline-injected iNOS”" and their
saline-injected wild-type littermates, data from both groups were combined. *, P < 0.01, differ-
ent from saline-injected control mice but not MPTP-injected iNOS™ mice; **, P < 0.01, different
from saline-injected control mice but not MPTP-injected wild-type mice; Newman-Keuls post-
hoc test. Data represent means + s.e.m. for four to six mice per group.

Table 3 MPP* levels (ug/g striatum)

90 min 120 min 180 min 360 min
Wild type 17.75+0.50 23.10+4.30 19.17+£0.63 1.61+0.12
iINOS™ 24.24+£2.70 20.61+£2.23 17.18+0.83 1.91 £0.49

Striatal MPP* levels in wild-type and iNOS™ mice at 90, 120, 180 and 360 min after the last
MPTP injection do not differ (P > 0.05; Newman-Keuls post-hoc test) between the two
groups. Data represent means + s.e.m. for four mice per group and time point.

Table 4 Nitrotyrosine levels (ng/pg protein)

Frontal Cortex Striatum Ventral Midbrain Cerebelium
Wild-type
Saline 18.9+3.7 309+ 2.1 13.3+3.2 21.6+3.2
MPTP 19.1+£2.1 67.8+3.1* 31.7£1.7* 23.5+22
iINOS™
Saline 18.4+£3.5 28.3+25 140+ 2.5 20.6+1.8
MPTP 19.6+2.5 68.4 + 2.9** 21,9 £1.7%* 19.1+2.0

* P<0.01, higher than saline-injected mice; **, P<0.01, higher than saline-injected mice but not MPTP-injec.led
wild-type mice; ***, P < 0.05, higher than saline-injected mice but lower than MPTP-injected wild-type mice;
Newman-Keuis post-hoc test. Data represent mean £ s.e.m. for three to four mice per group and treatment.




Key Research Accomplishments in the Specific Aim II Study.

Our accomplishments in Specific Aim II have indeed added one more piece in our
understanding of the puzzle of PD. Using the best tool available for the study of PD,
MPTP, we have confirmed some of the findings that already exist for post-mortem SNpc
tissues and we have also added some new findings. Listed below are the
accomplishments in Specific Aim II which has been completed according to the
Statement of Work. These findings have been published in Nature Medicine 5: 1403-
1409 (1999).

MPTP produces a strong glial response in SNpc of mice which is in agreement
with what has been found in the post-mortem SNpc tissues from PD brains.

MPTP stimulates iNOS expression in microglial cells in the SNpc of treated mice.
This finding is in agreement with reports of finding iNOS immunoreactivity in
microglia in SNpc from post-mortem PD brains.

MPTP increases iNOS mRNA levels and enzymatic activity in selected brain
regions from treated mice which indicates that iNOS plays a significant role in the
MPTP-induced neurodegeneration in the SNpc and suggests that this may be the
case in PD.

iNOS-deficient mice are more resistant to MPTP than their wild-type littermates
but accumulate MPP+ similar to their wild-type littermates. They are also not
resistant to the loss of DA and its metabolites.
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Specific Aim II1.

The reaction between the superoxide radical and NO has been proposed to produce the
even stronger oxidant peroxynitrite which can damage DNA and nitrate tyrosine residues
in proteins (1). This reaction may be relevant to the damage seen in SNpc DA neurons.
Markers of oxidative damage to DNA and nitration of tyrosine residues, dityrosine and
nitrotyrosine, have been identified. In a previous experiment (2), we have established that
MPTP stimulates significant amounts of superoxide radicals. And, recently, we have
documented that iNOS is most likely the major source of NO in the MPTP mouse model
of PD (see Specific Aim II). Increased iINOS expression in the SNpc represents an
inflammatory response to some sort of injury and based on our findings, the culprit
causing this injury may indeed be peroxynitrite. It follows then that in furthering our
understanding of PD, the measurement of markers for DNA damage and nitration of
tyrosine residues following MPTP administration is necessary. Thus, in Specific Aim III,
using gas chromatography with mass spectrometry, we measured dityrosine and
nitrotyrosine in selected brain regions and at selected time points from wild-type mice
that were treated with MPTP. The methods and results of this work have been published
in the Journal of Biological Chemistry (Pennathur et al.,, J Biol. Chem. 274: 34621-
34628, 1999, see enclosed publication). Since the basic part of this work has been
completed, we will now begin to measure 3-nitrotyrosine, 0,0-dityrosine and ortho-
tyrosine in transgenic human SOD1, nNOS and iNOS mice.

Results

Mass Spectrometric detection of 3-Nitrotyrosine, 0,0-dityrosine and ortho-tyrosine
in mouse brain.

Oxidized amino acids were analyzed in freshly isolated tissues from ventral midbrain,
striatum, cerebellum and frontal cortex using acid hydrolysis followed by derivization
with n-propanol and heptafluorobutyric anhydride the put through GC/MS analysis in the
negative-ion electron capture mode. Compounds were detected that exhibited major ions
and retention times that were identical to authentic 3-nitrotyrosine (3-NT), ortho-tyrosine
and o,o-dityrosine (figure 1). Ion monitoring demonstrated that the ions derived from the
amino acidsco-eluted with ions derived from authentic *C-labeled internal standards. In
normal mouse brain, levels of oxidized amino acids varied in magnitude in different parts
of the mouse brain (figure 1). All regions had relatively high amounts of ortho-tyrosine,
highest amounts being found in the striatum. Levels of 3-NT and o,0-dityrosine were
lower than those of ortho-tyrosine and o0,0-dityrosine levels were lowest in the striatum.
3-NT levels were comparable in all regions studied




3-Nitrotyrosine is elevated in ventral midbrain and striatum of MPTP-treated mice.
To determine whether MPTP promotes oxidative damage to brain proteins, ventral
midbrain, striatum and two brain regions supposedly not affected by MPTP, cerebellum
and frontal cortex from saline-injected and MPTP-treated mice were analyzed for 3-NT
levels. Levels of 3-NT in ventral midbrain (+110%) and striatum (+90%) were markedly
elevated following MPTP administration as compared to saline-injected mice (figure 2).
Results indicated that the observed increases were selective for regions of the brain that
were susceptible to the neurotoxic effect of MPTP.

0,0-Dityrosine is elevated in ventral midbrain and striatum of MPTP-treated mice.
Elevated levels of o,0-dityrosine in ventral midbrain (120%) and striatum (170%)
following MPTP administration were strikingly similar to those of 3-NT following MPTP
treatment as compared to control levels (figure 3). Both regions are susceptible to the
toxic effects of MPTP. As with 3-NT, cerebellum and frontal cortex exhibited no level
changes. Furthermore, results indicate that like 3-NT o,0-dityrosine level increases occur
only in those brain regions that are susceptible MPTP’s toxic effect.

Ortho-Tyrosine levels are unchanged in all brain regions in the MPTP-treated
mouse.

In contrast to the changes observed in 3-NT levels and in o,0-dityrosine levels in ventral
midbrain and striatum of MPTP-treated mice, there were no changes observed in the
levels of ortho-tyrosine in any of the brain regions from MPTP-treated mice that were
analyzed for this compound (figure 4)

3-Nitrotyrosine, 0,0-Dityrosine and Ortho-tytosine in Brain Tissues Oxidized by
Peroxynitrite in Vitro.

3-Nitrotyrosine, 0,0-dityrosine anprotein d ortho-tytosine seem to be markers of damage
to proteins and amino acids. Thus, to evaluate the usefulness of these compounds as
markers for oxidative damage, product yields of these compounds in brain proteins were
investigated following in vitro exposure of brain tissues to peroxynitrite, tyrosyl radical
and the hydroxyl radical (HO’). The proteins used for the in vitro exposure study came
from homogenates prepared from ventral midbrain, striatum, cerebellum and frontal
cortex. In brain proteins exposed to peroxynitrite, there was a significant increase (80
fold) in 3-NT in all brain proteins following peroxynitrite exposure and proteins from
different regions all demonstrated similar increases (figure 5A). Interestingly, when
protein homogenates were exposed to peroxynitrite after 2 minutes, protein nitration was
minimal which indicated that peroxynitrite is a short-lived species and that it does nitrate
the tyrosine residues in proteins. Prior studies have identified 3-NT as a specific
markerfor protein oxidation by reactive nitrogen species. Ortho-tyrosine and o,0-
dityrosine levels increased 2-3 fold in brain proteins after peroxynitrite exposure,
however product yields were <5% and <25% respectively (figures 5B and 5C).

3-Nitrotyrosine, 0,0-Dityrosine and Ortho-tyrosine in Brain Protein Oxidized in
Vitro by Myeloperoxidase-Generated Tyrosyl Radical.

Having generated the tyrosyl radical using an in vitro myeloperoxidase-tyrosine-H202
generation system, proteins from different areas of the brain were exposed to this tyrosyl




radical. The major product of this reaction was 0,0-dityrosine and all homogenates from
the different brain regions exposed to the tyrosyl radical exhibited similar increases in
this compound (figure 6). There were no changes in levels of 3-NT or ortho-tyrosine.
Recent evidence showed that the myeloperoxidase-H202 system will convert tyrosine
into 3-NT in a reaction that requires nitrite, a degradation product of NO. Brain proteins
from specific brain regions exposed to this myeloperoxidase-H202 system with the
addition of nitrite showed 3-NT levels similar to those observed in the MPTP mouse
model of PD. Results here indicate an alternate pathway for the formation of o,0-
dityrosine and 3-NT, this one ivolving the tyrosyl radical while the other pathway
involves reactive nitrogen species.

3-Nitrotyrosine, 0,0-Dityrosine and Ortho-tyrosine in Brain Proteins Oxidized by
the Hydroxyl Radical in Vitro.

Proteins isolated from cerebellum, frontal cortex, ventral midbrain and striatum of control
mice were exposed to a HO' generating system which contains copper and H202. This
system generates the HO and other reactive species as well. Levels of 3-NT, o,0-
dityrosine and ortho-tyrosine were determined in hydrolysates of the proteins following
exposure using GC/MS. Ortho-tyrosine and o,0-dityrosine levels were detected in
proteins from all four brain regions (figure 7A and 7B). Levels of ortho-tyrosine were 10
fold higher than that of o,0-dityrosine. In contrast, the levels of 3-NT remained
unchanged. These same results have been observed in model proteins following exposure
to ionizing radiation. These results suggest that ortho-tyrosine might serve as a marker for
protein damage resulting from HO' exposure.

Discussion

The present studies investigated the pathways that oxidatively damage proteins in the
brain under normal and pathological conditions using highly sensitive and specific
isotope dilution mass spectrometric methods. The focus of these studies was on three
oxidants that have potential pathological significance: ONOO", the product of the reaction
between NO and the superoxide radical; the tyrosyl radical,generated by the heme protein
myeloperoxidase; and HO' radical generated by a copper-catalyzed oxidation system. As
markers of protein oxidation, we chose 3NT, o,0-dityrosine and ortho-tyrosine because
they are stable to acid hydrolysis and because they probably represent post-translational
modifications of proteins. In normal mice, detectable levels of 3-NT, o,0-dityrosine and
ortho-tyrosine were found in all brain regions studied. This finding is in agreement with
the view that basal levels of oxidatively damaged proteins exist under normal
physiological conditions in the brain and probably relates to its high level of oxygen
consumption and less-than-satisfactory antioxidant protection system. Proteins and DNA
as well are oxidized under “normally stressful” situations and significant levels of 8-
hydroxy-deoxyguanosine, a marker for DNA oxidative damage, are found in rodent and
human brains (10,11). Oxidative stress may be normal here and may eventually lead to
what we call the aging process in the brain which is characterized by the decline of
physiological functions over time (12). Levels of the observed markers varied among the
different brain regions. For example, 3-NT and ortho-tyrosine levels differed in the
various brain regions with highest levels in the striatum. Of note, is the fact that the
striatum is among those brain regions that showed the highest levels of the DNA damage




marker 8-hydroxy-deoxyguanosine. These findings support the belief that the basal
ganglia are more vulnerable to oxidative attack and is more often affected in oxidant-
related neurodegenerative disorders (1).

Brains from the MPTP-treated mice exhibited strikingly elevated levels of both 3-NT and
0,0-dityrosine compared to saline-treated mice. Significant increases were found in
striatum and ventral midbrain but not in cerebellum and frontal cortex. This is consistent
with MPTP’s neurotoxic effects on the nigrostriatal DA pathway and indicate that MPTP
promotes protein oxidation especially in brain regions where its effect is known to be
severe. Evidence is also provided that MPTP stimulates both the production of reactive
species and oxidative damage to elements critical to cellular function. When brain
proteins were exposed in vitro to HO'" generated by a metal-catalyzed oxidation system,
ortho-tyrosine was the major oxidation product. However, in the MPTP model, ortho-
tyrosine was not altered in the brain tissues. MPTP has been proposed to enhance HO®
production by impairing mitochondrial respiration (3,13,14). But the lack of any
detectable increase in ortho-tyrosine in the brains of MPTP-treated mice argues against a
serious role for HO' in protein damage and doubts the participation of this oxy-radical in
MPTP-induced toxicity in vivo.

The marked increase in 3-NT levels following MPTP administration strongly suggests
that reactive nitrogen intermediates play a key role in protein oxidation. Compelling
evidence for this view comes from our in vifro experiments with ONOO™ in which we
show that ONOO' causes a striking elevation of 3-NT with a significant increase in ortho-
tyrosine and a much smaller increase in 0,0-dityrosine. Our results are in agreement with
earlier demonstrations that inhibition of NOS attenuates MPTP-induced DA toxicity (2-
4). Beal et al. (17) showed that MPTP significantly increases striatal levels of free 3-NT
in mice. The relationship between free 3-NT and 3-NT in proteins is unknown and the
pathophysiological significance of free 3-NT remains to be determined. Protein nitration
may be deleterious as it alters the pka of tyrosine and can affect the protein’s secondary
and tertiary orientation and organization which can alter its function as we have shown
for tyrosine hydroxylase (7). Thus, not only do we confirm that MPTP increases 3-NT
levels in the brain, we also provide support to the hypothesis that tyrosine nitration of
brain proteins may play a critical role in the MPTP neurotoxic process.

Increases in o,0-dityrosine following MPTP administration to mice suggest the
involvement of a second physiologically relevant pathway for producing protein
oxidation that involves the tyrosyl radical and heme proteins. Myeloperoxidase, a heme
protein expressed in myeloid cells and possibly present in low levels in brain
macrophages and microglial cells appears to be up-regulated in activated macrophages
and microglial cells around demyelinating lesions in multiple sclerosis (15).
Myeloperoxidase uses H202 to generate oxidizing intermediates that destroy pathogens.
Recent studies indicate that this enzyme and other heme proteins can use H202 to
oxidize nitrite, a decomposition product of NO, generating 3-NT and other nitration
products in vitro (8, 16-18). Heme proteins also oxidize tyrosine to the tyrosyl radical, a
reactive intermediate that promotes 0,0-dityrosine formation. Incubation of brain proteins
with the myeloperoxidase-nitrite-H202 system showed increases in 3-NT levels similar
to those observed in MPTP-treated mice. These observations indicate that
myeloperoxidase can promote o0,0-dityrosine and 3-NT formation by two distinct
pathways, one involving the tyrosyl radical and the other involving reactive nitrogen




species. These in vitro results and the protective effects afforded by NOS inhibition leads
us to speculate that if myeloperoxidase does contribute to MPTP-induced toxicity, it does
so through the pathway involving reactive nitrogen species. In the MPTP mouse model, a
strong astrocytic and microglial response occurs in the striatum and ventral midbrain and
soon after, DA neurons begin to die (19). This robust glial response may provide the
necessary cellular substrate for myeloperoxidase induction followed by o,0-dityrosine
production. According to this scenario, damage inflicted by the tyrosyl radical may be a
secondary event in MPTP-induced toxicity. This does not undermine the pathological
significance of myeloperoxidase action which could possibly peak during the most active
phase of neurodegeneration (20). Therefore, the tyrosyl radical may not initiate but may
enhance DA neuronal death in the MPTP mouse model of PD. Other heme proteins such
as the mitochondrial heme protein cytochrome c can also catalyze selective increases in
3-NT and o,0-dityrosine in MPTP-treated mice which may be relevant to MPTP and PD
because significant evidence points to the mitochondrion as the site of the major
deleterious event that drives DA neurodegeneration.

The overall increase in oxidized amino acids in MPTP-induced brain injury represents
about 2 in 10,000 protein tyrosine residues. This is a seemingly low level of oxidation
products, therefore, is this really biologically relevant? The answers to this question lie in
the fact that similar levels of oxidation products have been reported for other pathological
conditions (6, 9, 21-27) and inherent in the method is substantial dilution of the targets of
protein oxidation with proteins present in surrounding normal tissues. So, it is
conceivable that the the overall level of protein oxidation will be low. Furthermore, there
may be other targets for damage by reactive oxygen species such as lipids and DNA
which may require measurement of other not yet known markers. And finally, our in vitro
studies provide strong evidence that the pattern of oxidized amino acids serve as a
molecular fingerprint for the pathways that are mediating oxidative damage in vivo (5,
28).
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Key Research Accomplishments for Specific Aim IIL.

e Demonstrated that 3-NT and o,0-dityrosine levels are significantly elevated in
ventral midbrain and striatum of MPTP-treated C57/BL mice.

e Demonstrated that MPTP administration does not change ortho-tyrosine levels in
the brain of MPTP-treated C57/BL mice.

e Measurement of 3-NT, o,0-dityrosine and ortho-tyrosine formation in vitro in
brain tissues exposed to peroxynitrite.

e Demonstrated 3-NT, o0,0-dityrosine and ortho-tyrosine formation in vitro in brain
proteins oxidized in vitro by myeloperoxidase-generated tyrosyl radical.

e Demonstrated 3-NT, o,0-dityrosine and ortho-tyrosine formation in vitro in brain
proteins oxidized by HO.-generating system containing copper and H202.

e Overall demonstration that 3-NT, o,0-dityrosine and ortho-tyrosine can be used as
markers of protein oxidation and damage in the brain.




Fic. 1. Detection of n-propyl hep-
tafluorobutyryl derivatives of 3-ni-
trotyrosine (A) and o,0’-dityrosine (B)
in mouse ventral midbrain by se-
lected ion monitoring negative-ion
electron capture GC/MS. Tissue sam-
ples were delipidated, acid-hydrolyzed,
and subjected to solid-phase extraction on
a C-18 column. Isolated oxidized amino
acids were derivatized and subjected to
GC/MS analysis as described under “Ex-
perimental Procedures.” Note co-elution
of the major ion expected for (A) 3-nitro-
tyrosine (m/z 464) with that of
3-nitro[**Cgltyrosine (m/z 470) and (B)
0,0'-dityrosine (m/z 1208) with that of
0,0'-[**C,,)dityrosine (m/z 1220).

FIG. 2. 3-Nitrotyrosine in brain pro-
teins isolated from control and
MPTP-treated mice. After addition of
13C.labeled internal standards, tissue
from the indicated region of the brain was
delipidated, hydrolyzed, and subjected to
solid-phase extraction. The isolated
amino acids were derivatized and ana-
lyzed by negative-ion electron capture
GC/MS with selected ion monitoring.
Three independent analyses of tissue
were performed on 8 control and 8 MPTP-
treated animals for a total of 24 analyses
for each area of the brain. Values are the
mean * S.E. and are normalized to tyro-
sine and phenylalanine, the precursor
amino acids. *, p < 0.05 by analysis of
variance.
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teins isolated from control and
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the mean + S.E. of triplicate determina-
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teins isolated from control and
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the mean * S.E. of triplicate determina-
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Fic. 5. Product yields of 3-nitrotyrosine (4), o,0’-dityrosine
(B), and ortho-tyrosine (C) in brain proteins oxidized in vitro by
peroxynitrite. Proteins from the indicated areas of the brain were
incubated for 10 min at 37 °C in buffer B alone (50 mM sodium phos-
phate, pH 7.4), buffer B with 25 mm HCOj, buffer B supplemented with
1 mM ONOO™, or buffer B with 1 mm ONOO™ and 25 mm HCOj.
Reactions were initiated by the addition of ONOO™. After acid precip-
itation and addition of '°*C-labeled internal standards, proteins were
hydrolyzed and subjected to solid-phase extraction. The isolated amino
acids were derivatized and analyzed by isotope dilution negative-ion
electron capture GC/MS with selected ion monitoring. Values are the
mean + S.E. of triplicate determinations and are normalized to levels of
precursor amino acid. Similar results were observed in two independent
experiments. *, p < 0.01 by paired ¢ test.
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FiG. 6. Product yields of 3-nitrotyrosine (4), o,0'-dityrosine
(B), and ortho-tyrosine (C) in brain proteins oxidized in vitro by
myeloperoxidase-generated tyrosyl radical. Proteins from the in-
dicated areas of the brain were incubated for 30 min at 37 °C in buffer
B containing 0.1 mM DTPA (Control) or buffer B supplemented with of
0.1 mM H,0,, 20 nM myeloperoxidase, 0.2 mM L-tyrosine, and 0.1 M
DTPA (Tyrosyl Radical). Levels of oxidized amino acids in tissue pro-
teins were determined by isotope dilution GC/MS. Values are the
mean * S.E. of triplicate determinations and are normalized to levels of
precursor amino acid. Similar results were observed in two independent
experiments. *, p < 0.01.
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Fic. 7. Product yields of 3-nitrotyrosine (4), o,0'-dityrosine
(B), and ortho-tyrosine (C) in brain proteins oxidized in vitro by
hydroxyl radical. Proteins from the indicated areas of the brain were
incubated for 2 h at 37 °C in buffer B (Control) or buffer B supple-
mented with 0.2 mM CuSO, and 5 mm H,0, (HO"). To inhibit residual
tissue catalase activity, 0.1 mM 3-amino-1,2,4-triazole was included in
reaction mixtures. Levels of oxidized amino acids in tissue proteins
were determined by isotope dilution GC/MS. Values are the mean +
S.E. of triplicate determinations and are normalized to levels of precur-
gor amino acid. Similar results were observed in two independent
experiments. *, p < 0.01.




Specific Aim IV

Specific Aim IV was set forth to examine the potential biological consequences of
protein tyrosine nitration by assessing whether the candidate proteins, mitochondrial
electron transport chain polypeptides and manganese-superoxide dismutase are nitrated.
This will be tested in PC-12 cells after exposure to different concentrations of and lengths
of time to peroxynitrite and MPTP’s active metabolite, MPP+ as well as in wild type and
in transgenicSOD1 and knockout nNOS and iNOS mice after MPTP administration.
Tyrosine nitration will be ascertained by immunoprecipitation, Western blot analysis and
amino acid analysis. The catalytic activity of these enzymes in both PC-12 cells and mice
experiments will also be undertaken by using photospectrometric enzymatic assays. We
have not yet initiated measurement of the consequences of protein tyrosine nitration in
PC-12 cells following exposure to MPP+ or in wild type and various lines of transgenic
mice following MPTP administration as our PC-12 cell culture system has not been set
up and the animals necessary for Specific Aim IV have to be bred to the needed
numbers. We have begun to work out our methods for the purification of mitochondria
and the mitochondrial fractions necessary for this part of the award.

Conclusions

MPTP presents a number of events that may actually mirror the events that occur in the
neurodegenerative process in PD. This year’s experiments provide compelling evidence
that the source of NO production in the substantia nigra of the MPTP mouse model of PD
is the up-regulation of the iNOS enzyme in activated microglia. We also demonstrate that
an inflammatory-type response is induced by MPTP, an event which precedes the MPTP-
induced DA neuronal death (previously described) as peak levels of the iNOS enzyme
occur prior to the major cell death event seen in this MPTP mouse model of PD. iNOS
up-regulation has been measured in post-mortem samples from PD brains and a strong
glial response has been noted in these brains. Thus, our data support this NO finding in
humans and further attests to the similarity between PD and the MPTP mouse model of
PD. MPTP-induced events include the inactivation of tyrosine hydroxylase (TH), the
rate-limiting enzyme in the production of DA. This year’s experiments also demonstrate
that proteins from brain areas known to be susceptible to the toxic effects of MPTP
accumulate 3-nitrotyrosine, 0,0-dityrosine and ortho-tyrosine, nitrated protein compounds
that can inactivate TH and which can act as markers of MPTP-induced oxidative damage.
Formation of these nitrated compounds may occur through the induction of the
myeloperoxidase enzyme which may attack tyrosine residues in the TH enzyme in the
presence of H202 to produce the tyrosyl radical or through reactive nitrogen species
formed because of the increase in iNOS enzyme induction. It remains to be sorted out as
to which pathway dominates. Nonetheless, the above data has probably inches us closer
to a cause for PD.
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Oxidative stress is implicated in the death of dopam-
inergic neurons in Parkinson’s disease and in the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
model of Parkinson’s disease. Oxidative species that
might mediate this damage include hydroxyl radical,
tyrosyl radical, or reactive nitrogen species such as per-
oxynitrite. In mice, we showed that MPTP markedly
increased levels of 0,0'-dityrosine and 3-nitrotyrosine in
the striatum and midbrain but not in brain regions re-
sistant to MPTP. These two stable compounds indicate
that tyrosyl radical and reactive nitrogen species have
attacked tyrosine residues. In contrast, MPTP failed to
alter levels of ortho-tyrosine in any brain region we
studied. This marker accumulates when hydroxyl radi-
cal oxidizes protein-bound phenylalanine residues. We
also showed that treating whole-brain proteins with hy-
droxyl radical markedly increased levels of ortho-tyro-
sine in vitro. Under identical conditions, tyrosyl radical,
produced by the heme protein myeloperoxidase, selec-
tively increased levels of o,0'-dityrosin.», whereas per-
oxynitrite increased levels of 3-nitrotyr:sine and, to a
lesser extent, of ortho-tyrosine. These in vivo and in vitro
findings implicate reactive nitrogen species and tyrosyl
radical in MPTP neurotoxicity but argue against a del-
eterious role for hydroxyl radical in this model. They
also show that reactive nitrogen species and tyrosyl rad-
ical (and consequently protein oxidation) represent an
early and previously unidentified biochemical event in
MPTP-induced brain injury. This finding may be signif-
icant for understanding the pathogenesis of Parkinson’s
disease and developing neuroprotective therapies.

* This work was supported in part by National Institutes of Health
Grants AG12293, AG15013, DK02456, RR00954, NS 38586, NS 38370,
DAMD 17-99-1-9474, and NS37345; and grants from the Lowenstein
Foundation, the Parkinson’s Disease Foundation, and the Smart Foun-
dation. The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

§ Recipient of a mentor-based postdoctoral fellowship from the Amer-
ican Diabetes Association.

I Recipient of the Colzias Award from the American Parkinson Dis-
ease Association.

$i To whom correspondence should be addressed: Div. of Atheroscle-
rosis, Nutrition and Lipid Research, Box 8046, 660 S. Euclid Ave., St.
Louis, MO 63110. Fax: 314-362-0811; E-mail: heinecke@im.wustl.edu.

This paper is available on line at http://www.jbc.org

Parkinson’s disease (PD)" is attributed to a profound deficit
in dopamine (1) that follows the loss of dopaminergic neurons
in the substantia nigra pars compacta and dopaminergic nerve
terminals in the striatum (2). Although the mechanisms are
uncertain, a large body of experimental evidence implicates
oxidative stress (reviewed in Refs. 3-5). In light of these human
and animal studies, at least three pathways have been
proposed.

Studies with the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) mouse model of PD suggest a pivotal role for
superoxide radical (03) both ir vitro and in vivo (6-10). O3 is
not highly reactive, however, and is generally thought not to
cause serious direct injury (4, 11). Instead, it is believed to
exert many or most of its toxic effects by generating reactive
species such as hydroxyl radical (HO'), whose oxidative prop-
erties can ultimately kill cells (4, 11). For instance, O; facili-
tates HO® production in the metal-catalyzed Haber-Weiss reac-
tion both by reducing redox-active transition metals (M**) and
by dismutating to form hydrogen peroxide (H,0,) (4, 11).

M™ +0;—>M™"1+ 0,
M1+ H,0, - M** + HO' + HO"

REACTIONS 1 AND 2

This noxious reaction may be relevant to PD because the post-
mortem concentration of nonheme iron is dramatically elevated
in the substantia nigra pars compacta of PD patients (12, 13).
Moreover, neuromelanin, believed to be a by-product of dopam-
ine autooxidation, may promote the formation of reactive spe-
cies such as HO' through various mechanisms (14).
Superoxide can also react with nitric oxide (NO) to produce
peroxynitrite (ONOO™), another potent oxidant (15).

03+ NO - ONOO~
REAcTION 3

Under normal conditions, O3 may be limiting, resulting in little
ONOO~ formation. Appreciable amounts could form if O3 con-
centrations increased, as in the response to MPTP or PD,
however. NO is implicated by the observation that nitric-oxide
synthase inhibitors attenuate MPTP-induced dopaminergic

1 The abbreviations used are: PD, Parkinson’s disease; BHT, buty-
lated hydroxytoluene; DTPA, diethylenetriaminepentaacetic acid; GC/
MS, gas chromatography-mass spectrometry; MPTP, 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine; HPLC, high performance liquid
chromatography.
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neurotoxicity in mice and monkeys (16-18). Mutant mice defi-
cient in neuronal nitric-oxide synthase also are resistant to
MPTP (16).

While investigating oxidative damage in atherosclerosis and
other inflammatory conditions (5, 19), we described an oxida-
tive pathway that does not require free metal ions. It involves
myeloperoxidase, a heme protein secreted by activated phago-
cytes (20). Myeloperoxidase uses H,0, to convert the phenolic
amino acid tyrosine into a reactive intermediate that promotes
the oxidation of proteins and lipids (21-23). We have recently
used electron paramagnetic resonance spectroscopy to demon-
strate that the oxidizing intermediate generated by myeloper-
oxidase and other peroxidases is free tyrosyl radical (24). These
studies support the idea that tyrosyl radical may promote
oxidative reactions at sites of inflammation.

One powerful strategy for understanding the underlying
mechanisms of oxidative injury is to identify stable end prod-
ucts of protein oxidation by different reaction pathways in vitro
and then to determine whether these markers are present at
elevated levels in vivo (19, 25). For instance, HO' converts
protein-bound phenylalanine residues to the unnatural amino
acid isomer ortho-tyrosine. Tyrosyl radical forms o,0'-dity-
rosine as the major product, whereas ONOO™ generates 3-ni-
trotyrosine. These compounds are stable to acid hydrolysis,
making them potentially useful markers of protein oxidation in
vivo.

Immunohistochemical and HPLC methods have been used to
detect products such as 3-nitrotyrosine (26, 27), but both ap-
proaches may be confounded by structurally distinct molecules.
Moreover, antibody-based analyses are semi-quantitative at
best. HPLC can be more sensitive and specific than immuno-
histochemistry, but brain tissue may contain materials that
interfere with this method (27). Therefore, the hypothesis that
neuronally derived NO reacts with O3 to generate ONOO™
remains questionable, as does the idea that HO" is produced in
the MPTP model and PD.

Using isotope dilution gas chromatography-mass spectrom-
etry (GC/MS), we developed sensitive and highly specific qua-
titative assays for measuring tissue levels of ortho-tyrosinc
0,0’-dityrosine and 3-nitrotyrosine (25). We then analyzed the
relative product yields of each marker in brain proteins oxi-
dized in vitro by HO", tyrosyl radical, or ONOO~. We also
assayed the oxidized amino acids in brain proteins from control
and MPTP-treated mice. Our results suggest that reactive ni-
trogen species and tyrosyl radical, perhaps generated by
ONOO~ or heme proteins, mediate protein oxidation in this
mouse model of PD.

EXPERIMENTAL PROCEDURES

Materials—Reagents were obtained from either Sigma or Aldrich
unless otherwise specified. All organic solvents were HPLC grade.
Cambridge Isotope Laboratories (Andover, MA) supplied '3C-labeled
amino acids for the preparation of internal standards. o,0'-
[*3C,,|Dityrosine and ortho-[**Cgltyrosine were synthesized as de-
scribed previously (21). 3-Nitro[*>Cgltyrosine was synthesized using
tetranitromethane (28). Concentrations of *C-labeled amino acids were
determined by HPLC analysis (29).

Animals—Male C57/BL mice (8 weeks old; 22-25 g; Charles River
Breeding Laboratories) were used in the study. Animals were housed
three per cage in a temperature- and light-controlled room with a
12-b/12-h light-dark cycle. The mice were provided with water and food
ad libitum. On the day of the experiment, mice received four intraperi-
toneal injections of MPTP-HC] (20 mg/kg; Research Biochemicals,
Natick, MA) in saline every 2 h over an 8h period. Control mice
received saline only. All procedures followed National Institutes of
Health guidelines for the use of live animals and were approved by the
Columbia University Institutional Animal Care and Use Committee.

Collection of Tissues—Animals were anesthetized and sacrificed 24 h
after the last injection; this time point was based on our previous study
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of nitration of tyrosine hydroxylase in the MPTP mouse model (30). To
minimize ex vivo oxidation, mice were perfused with ice-cold antioxi-
dant buffer (100 uM diethylenetriaminepentaacetic acid (DTPA; a metal
chelator), 1 mM butylated hydroxytoluene (BHT; an inhibitor of lipid
peroxidation), 10 mM 3-amino-1,2,4-triazole (an inhibitor of peroxidases
and nitric-oxide synthase), 50 mM sodium phosphate, pH 7.4). Then,
cerebellum, ventral midbrain, striatum, and cerebral cortex were dis-
sected out on an ice-cold plate, frozen on dry ice, and stored at —80 °C
until analysis (30).

Isolation of Brain Proteins for in Vitro Oxidation Studies—Freshly
prepared sample from the indicated brain area was homogenized at
4 °C in 5 m] of buffer A (0.1 mMm DTPA, pH 7.4), freeze-thawed once, and
centrifuged at 10,000 X g for 10 min. The low speed supernatant was
dialyzed against distilled, deionized water that had been passed over a
Chelex resin (Bio-Rad) column to remove free metal ions.

Protein Oxidation by Hydroxyl Radical, Myeloperoxidase, and Per-
oxynitrite—In vitro oxidation reactions (1 mg brain protein/ml) were
performed at 37 °C in buffer B (50 mM sodium phosphate, pH 7.4).
When indicated, buffer B was supplemented with 25 mM NaHCO,.
Reactions were terminated by addition of 0.2 mM DTPA (pH 7.4), 300 nM
catalase, and 0.1 mM BHT. Proteins were precipitated with ice-cold
trichloroacetic acid (10% final concentration), acid-hydrolyzed, and sub-
jected to GC/MS analysis. ONOO™ was synthesized from 2-ethoxyethyl
nitrite and H,0, (31) and stored at —80 °C. ONOO~ was thawed im-
mediately prior to use, and its concentration was determined spectro-
photometrically (€50, = 1, 670 M~* cm%; Ref. 32).

Amino Acid Isolation and Derivatization—All procedures were car-
ried out at 4 °C. Brain tissue (~ 10 mg wet weight) was homogenized in
1 ml of antioxidant buffer. After dialysis overnight against buffer A,
samples were delipidated by extraction with water/methanol/water-
washed diethyl ether (1:3:7; v/v/v) for 10 min. Protein precipitate was
recovered by centrifugation at 500 X g for 10 min. The resulting protein
pellet was lipid extracted once more and dried under N,. Samples (~1
mg of protein) were dried under vacuum in 1-m] glass reaction vials and
immediately suspended in 0.5 m! of 6 N HCI (Sequenal grade, Pierce)
containing 0.1% benzoic acid and 0.1% phenol (w/v). Isotopically labeled
internal standards were added, and samples were hydrolyzed at 110 °C
for 24 h under argon. Aromatic amino acids were isolated using a
solid-phase C-18 column (3 ml; Supelclean SPE, Supelco Inc., Belle-
fonte, PA) (21) and converted to n-propyl esters by addition of 200 ul of
HCVn-propanol (prepared by the addition of one volume of 12 N HCl to
three volumes of n-propanol) and heating for 1 h at 65 °C. After evap-
oration of excess reagent under N, heptafluorobutyric anhydride/ethyl
acetate (1:3, v/v) was added, and the samples were heated at 65 °C for
15 min.

Mass Spectrometric Analysis—Amino acids were quantified using
isotope dilution negative-ion electron capture GC/MS using a Hewlett
Packard 5890 gas chromatograph interfaced with a Hewlett Packard
5988A mass spectrometer with extended mass range (21). Under these
chromatography conditions, authentic compounds and isotopically la-
beled standards exhibited retention times identical to those of analytes
derived from tissue samples. The limit of detection (signal/noise >10)
was <1 pmol for all of the amino acids. The ions used for detecting
analyte and internal standard were: phenylalanine, m/z 383 and 389
ions; tyrosine, m/z 417 and 423 jons; 3-nitrotyrosine, m/z 464 and 470
ions; ortho-tyrosine, m/z 595 and 601 ions; o,0’-dityrosine m/z 1208
and 1220 ions.

Statistical Analysis—Differences between two groups were compared
using an unpaired Student’s ¢ test. Multiple comparisons were per-
formed using a two-way analysis of variance. The null hypothesis was
rejected at the 0.05 level.

RESULTS

Mass Spectrometric Detection of 3-Nitrotyrosine, o,0'-Dity-
rosine, and ortho-Tyrosine in Mouse Brain—To determine
whether oxidized amino acids are present in normal mouse
brain, we assayed freshly isolated tissue from frontal cortex,
cerebellum, ventral midbrain and striatum. When amino acids
from acid hydrolysates of each tissue were isolated and deri-
vatized with n-propanol and heptafluorobutyric anhydride and
then analyzed by GC/MS in the negative-ion electron capture
mode, we detected compounds that exhibited major ions and
retention times identical to those of authentic 3-nitrotyrosine,
ortho-tyrosine, and o,0'-dityrosine. Selected ion meonitoring
demonstrated that the ions derived from the amino acids co-
eluted with ions derived from authentic 3C-labeled internal
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A 3-Nitrotyrosine

FiG. 1. Detection of n-propyl hep-
tafluorobutyryl derivatives of 3-ni-
trotyrosine (A) and o,0’'-dityrosine (B)
in mouse ventral midbrain by se-
lected ion monitoring negative-ion
electron capture GC/MS. Tissue sam-
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and subjected to solid-phase extraction on
a C-18 column. Isolated oxidized amino
acids were derivatized and subjected to
GC/MS analysis as described under “Ex-
perimental Procedures.” Note co-elution
of the major ion expected for (A) 3-nitro-
tyrosine (m/z 464) with that of
3-nitro[**Cgltyrosine (m/z 470) and (B)
0,0'-dityrosine (m/z 1208) with that of
0,0'-[**C ,)dityrosine (m/z 1220). °
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standards, as shown in Fig. 1 for 3-nitrotyrosine and
0,0'-dityrosine.

Levels of the oxidized amino acids varied both in absolute
magnitude and in different parts of the brain (Fig. 2—-4). All
regions demonstrated relatively high levels of ortho-tyrosine (~
0.5-1 mmol/mol of phenylalanine), which were highest in the
striatum. In contrast, levels of 3-nitrotyrosine and o,0'-dity-
rosine were lower than those of ortho-tyrosine, and unlike
ortho-tyrosine levels, those of 0,0'-dityrosine were lowest in the
striatum. However, 3-nitrotyrosine levels were comparable in
all areas of the brain. These results indicate that acid hydro-
lysates of normal brain tissue proteins contain detectable levels
of oxidized amino acids.

3-Nitrotyrosine Is Elevated in Ventral Midbrain and Stria-
tum of MPTP-treated Mice—To determine whether MPTP pro-
motes oxidative damage in brain proteins, we analyzed sam-
ples from eight control and eight MPTP-treated animals,
comparing levels of oxidation products in the ventral midbrain
and striatum, two regions that exhibit marked neuronal injury
in MPTP-treated mice. We also analyzed samples from the
frontal cortex and cerebellum, two regions of the brain that are
little affected by MPTP. Tissue was prepared and analyzed by
isotope dilution GC/MS as described above.

Levels of 3-nitrotyrosine in the ventral midbrain and stria-
tum of the MPTP-treated animals were markedly higher (110%
and 90%, respectively) than in the controls (Fig. 2). In contrast,
there was no difference in level of 3-nitrotyrosine in the frontal
cortex or cerebellum. These results indicate that levels of 3-ni-
trotyrosine increase selectively in the regions of the brain that
are susceptible to the neurotoxic action of MPTP.

0,0'-Dityrosine Is Elevated in Ventral Midbrain and Stria-
tum of MPTP-treated Mice—Levels of 0,0'-dityrosine showed a
strikingly similar pattern of increase as 3-nitrotyrosine (eleva-
tions of 120% and 170% compared with controls) in ventral
midbrain and striatum, two regions of the brain that are vul-
nerable to MPTP-mediated neurotoxicity (Fig. 3). As with 3-ni-
trotyrosine, there was no difference in levels of 0,0’-dityrosine
in the frontal cortex or cerebellum. These results indicate that
levels of 0,0'-dityrosine increase selectively in the regions of the
brain that are vulnerable to MPTP-mediated neuronal injury.

ortho-Tyrosine Levels Are Unchanged in All Regions of the
Brain in MPTP-treated Mice—In contrast to 3-nitrotyrosine
and o,0'-dityrosine, there was no change in the levels of ortho-
tyrosine in any of the regions of the brain examined (Fig. 4).
Coliectively, these results indicate that levels of 3-nitrotyrosine
and o,0'-dityrosine increase selectively in the regions of the
brain that are susceptible to the neurotoxic action of MPTP. In
contrast, ortho-tyrosine does not accumulate in increased
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‘amounts in any region of the brain examined in MPTP-treated
animals.

3-Nitrotyrosine, o,0'-Dityrosine, and ortho-Tyrosine in Brain
Tissue Oxidized by Peroxynitrite in Vitro—To evaluate the po-
tential usefulness of 3-nitrotyrosine, ortho-tyrosine and o,0'-
dityrosine as markers for oxidation in vitro, we investigated the
product yield of these compounds in brain proteins that had
been oxidized in vitro by ONOO™, tyrosyl radical, and HO".
Protein used for the in vitro studies was isolated by centrifu-
gation (10,000 X g for 10 min) from homogenate prepared from
different regions of the brain. In brain proteins exposed to 1 mm
ONOO™, there was a dramatic increase (~ 80-fold) in 3-nitro-
tyrosine (Fig. 5A). Proteins isolated from different regions of
the brain demonstrated similar increases after they were oxi-
dized in vitro with ONOO~. When brain protein was added 2
min after ONOO™, however, protein nitration was minimal,
indicating that ONOO™ or a short-lived species derived from
ONOO™ nitrates the aromatic ring of protein-bound tyrosine
(data not shown).

Because ONOO ™ also hydroxylates aromatic compounds and
promotes cross-linking of phenolic groups (33), we determined
whether ortho-tyrosine and o,0'-dityrosine form in brain pro-
teins exposed to ONOO™. Levels of ortho-tyrosine and o,0'-
dityrosine increased 2-3-fold when we exposed brain protein to
this reactive nitrogen species, but the product yields of o,0'-
dityrosine and ortho-tyrosine were <5% and <25% that of
3-nitrotyrosine (Fig. 5, B and C). In vitro studies of model
proteins exposed to a wide variety of different oxidation sys-
tems have previously demonstrated that 3-nitrotyrosine is a
specific marker for protein oxidation by reactive nitrogen spe-
cies (34).

Recent studies indicate that ONOO™ rapidly reacts with
carbon dioxide to generate ONO,CO, (35-41). Bicarbonate is
in equilibrium with carbonic acid that is present in extracellu-
lar fluids primarily as carbon dioxide, its conjugate acid. Bicar-
bonate/carbon dioxide is present at high concentrations in vivo,
and the reactivity of ONO,CO; differs from that of ONOO™
(35-37). We therefore determined whether the addition of 25
mM NaHCO, to the reaction buffer affected the product yields
of oxidized amino acids in brain proteins exposed to ONOO™.
The absolute increases and relative yields of 3-nitrotyrosine,
0,0'-dityrosine, and ortho-tyrosine in brain proteins exposed to
ONOO~ were almost identical in the presence and absence of
added bicarbonate/carbon dioxide (Fig. 5). The failure of
NaHCO; to affect the product yields of the oxidized amino acids
likely reflects the presence of bicarbonate in brain proteins
and/or reaction mixture used for the experiments (35-41).

Taken together, these results indicate that 3-nitrotyrosine is
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an excellent marker for proteins oxidized by reactive nitrogen
species in vitro. They also suggest that ortho-tyrosine is a
significant product of protein oxidation by ONOO™. In contrast,
0,0'-dityrosine is a relatively minor product.

3-Nitrotyrosine, o,0'-Dityrosine, and ortho-Tyrosine in Brain
Protein Oxidized in Vitro by Myeloperoxidase-generated Tyrosyl
Radical—We exposed protein derived from various areas of the
brain to tyrosyl radical generated by the myeloperoxidase-
tyrosine-H,0, system, using physiologically plausible levels of
oxidant and substrate (0.1 mM H,0, and 0.2 mM tyrosine; Ref.
21). 0,0'-Dityrosine was the major product of the reaction, with
no change in levels of either 3-nitrotyrosine or ortho-tyrosine
(Fig. 6). All regions of the brain exposed to tyrosyl radical
showed a similar increase in o,0’-dityrosine. These results in-

dicate that tyrosyl radical generated by myeloperoxidase selec-
tively raises o,0’-dityrosine levels without changing levels of
3-nitrotyrosine or ortho-tyrosine.

Recent studies indicate that the myeloperoxidase-H,;0,, sys-
tem will convert tyrosine into 3-nitrotyrosine in a reaction that
requires nitrite, (33) a degradation product of NO. Brain pro-
teins incubated with myeloperoxidase, 0.1 mm H,0,, and 50 um
nitrite had 3-nitrotyrosine levels similar to those observed in
MPTP-treated mice (Table I). These observations indicate that
myeloperoxidase can promote the formation of o,0'-dityrosine
and 3-nitrotyrosine by two distinct pathways, one involving
tyrosyl radical and the other involving reactive nitrogen
species.

3-Nitrotyrosine, o,0'-Dityrosine, and ortho-Tyrosine in Brain
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FiG. 5. Product yields of 3-nitrotyrosine (A), o,0’-dityrosine
(B), and ortho-tyrosine (C) in brain proteins oxidized in vitro by
peroxynitrite. Proteins from the indicated areas of the brain were
incubated for 10 min at 37 °C in buffer B alone (50 mM sodium phos-
phate, pH 7.4), buffer B with 25 mM HCOj, buffer B supplemented with
1 mmM ONOO-, or buffer B with 1 mmM ONOO™ and 25 mm HCOj;.
Reactions were initiated by the addition of ONOO ™. After acid precip-
itation and addition of **C-labeled internal standards, proteins were
hydrolyzed and subjected to solid-phase extraction. The isolated amino
acids were derivatized and analyzed by isotope dilution negative-ion
electron capture GC/MS with selected ion monitoring. Values are the
mean = S.E. of triplicate determinations and are normalized to levels of
precursor amino acid. Similar results were observed in two independent
experiments. *, p < 0.01 by paired ¢ test.

Protein Oxidized by Hydroxyl Radical in Vitro—Proteins iso-
lated from the cerebellum, frontal cortex, ventral midbrain,
and striatum of control mice were incubated with a HO"-gen-
erating system (copper plus H,0,). We then determined levels
of 3-nitrotyrosine, o,0'-dityrosine, and ortho-tyrosine in amino
acid hydrolysates of the proteins using isotope dilution GC/MS.
ortho-Tyrosine and o,0'-dityrosine accumulated in all four ar-
eas of the brain (Fig. 7, A and B). In contrast, the level of
3-nitrotyrosine did not change (Fig. 7C). The absolute increase
in the level of ortho-tyrosine was ~10-fold higher than that of
0,0'-dityrosine. It should be noted that copper plus H,0, is a
metal-catalyzed oxidation system that generates other reactive
species in addition to HO" (42, 43). In vitro studies have dem-
onstrated, however, that the relative product yields of o,0’-
dityrosine and ortho-tyrosine are similar in model proteins
exposed to copper plus H,0, or ionizing radiation (a relatively
pure source of HO'"; Ref. 44). These observations suggest that
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FiG. 6. Product yields of 8-nitrotyrosine (A), 0,0'-dityrosine
(B), and ortho-tyrosine (C) in brain proteins oxidized in vitro by
myeloperoxidase-generated tyrosyl radical. Proteins from the in-
dicated areas of the brain were incubated for 30 r in at 37 °C in buffer
B containing 0.1 mM DTPA (Control) or buffer B s\ yplemented with of
0.1 mM H,0,, 20 oM myeloperoxidase, 0.2 mM IL-tyrosine, and 0.1 mM
DTPA (Tyrosyl Radical). Levels of oxidized amino acids in tissue pro-
teins were determined by isotope dilution GC/MS. Values are the
mean * S.E. of triplicate determinations and are normalized to levels of
precursor amino acid. Similar results were observed in two independent
experiments. *, p < 0.01.

TABLE 1
Product yield of 3-nitrotyrosine in brain proteins oxidized in vitro by
the myeloperoxidase-H ;0 nitrite system

Proteins from the indicated area were incubated for 30 min at 37 °C
in buffer B supplemented with 0.1 mM DTPA (Control) or buffer B
supplemented with 20 nM myeloperoxidase (MPO), 0.1 mm H,0,, 50 uM
nitrite, and 0.1 mM DTPA. Levels of protein-bound 3-nitrotyrosine were
determined using isotope dilution GC/MS. Values are normalized to the
content of the precursor amino acid tyrosine. Values are the mean *
S.E. of three determinations. Similar results were observed in two
independent experiments. *, p < 0.01.

3 3-Nitrotyrosine
Brain area
Control MPO-H 0,-nitrite
pmol /mol
Cerebellum 94 + 16 313 = 67*
Frontal cortex 79+13 182 * 16*
Ventral midbrain 84 + 12 268 + 60*
Striatum 195 + 28 413 * 42*

ortho-tyrosine might serve as a marker for protein damage by
HO" in vivo.

The concentrations of oxidant and redox catalysts were very
different in the HO" and tyrosyl radical systems. There was 50
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Fic. 7. Product yields of 3-nitrotyrosine (A), o,0'-dityrosine
(B), and ortho-tyrosine (C) in brain proteins oxidized in vitro by
hydroxyl radical. Proteins from the indicated areas of the brain were
incubated for 2 h at 37 °C in buffer B (Control) or buffer B supple-
mented with 0.2 mM CuSO, and 5 mM H,0, (HO"). To inhibit residual
tissue catalase activity, 0.1 mM 3-amine-1,2,4-triazole was included in
reaction mixtures. Levels of oxidized amino acids in tissue proteins
were determined by isotope dilution GC/MS. Values are the mean *
S.E. of triplicate determinations and are normalized to levels of precur-
sor amino acid. Similar results were observed in two independent
experiments. *, p < 0.01.

times as much H,0, in the HO" system as in the tyrosyl radical
system (5 mM versus 0.1 mm), and 10,000 times as much copper
as myeloperoxidase (200 uM versus 20 nM). In addition, proteins
were exposed to the HO" system for 4 times longer than the
tyrosyl radical system. Despite these marked differences, the
relative yields of 0,0’-dityrosine were similar when brain pro-
tein was exposed to either HO" or tyrosyl radical. These obser-
vations imply that, under our experimental conditions, my-
eloperoxidase-generated tyrosyl radical is much more efficient
than HO" at producing o,0'-dityrosine.

DISCUSSION

In the present studies, we used highly sensitive and specific
isotope dilution mass spectrometric methods to investigate the
pathways that oxidatively damage proteins in the brain under
normal and pathological situations. We focused on three oxi-
dants of potential pathophysiological significance: ONOO™, a
product of the interaction between O3 and NO; tyrosyl radical
generated by the heme protein myeloperoxidase; and HO® rad-
ical generated by a metal-catalyzed oxidation system. We chose
3-nitrotyrosine, ortho-tyrosine, and o,0'-dityrosine as markers
of protein oxidation because they are stable to acid hydrolysis
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and likely represent post-translational modifications of
proteins.

In normal mice, we found detectable levels of 3-nitrotyrosine,
ortho-tyrosine, and o,0'-dityrosine in all brain regions studied.
This finding is consistent with the view that basal levels of
oxidatively damaged proteins exist in physiological situations,
especially in the brain. They probably result from the combi-
nation of the high rate of oxygen consumption and the poor
oxidant-scavenging arsenal that characterize this organ. This
“basal oxidative stress” seems to affect not only proteins, but
DNA as well, since significant levels of 8-hydroxy-deox-
yguanosine, a marker of oxidative damage to DNA, are present
in normal rodent and human brains (45, 46). Collectively, these
data support the idea that a mild but persistent oxidative
stress may be normal and may lead, over time, to the decline in
physiological functions that characterize aging (47). Interest-
ingly, levels of the oxidation markers we assayed were not
constant throughout the brain. In fact, we observed significant
variations in 3-nitrotyrosine and ortho-tyrosine levels among
the different brain regions studied, with highest levels in the
striatum. The striatum also was among the brain regions show-
ing the highest levels of 8-hydroxy-deoxyguanosine in both rats
and humans (45, 46). These findings are in keeping with the
belief that the striatum, and more broadly, the basal ganglia,
are vulnerable to oxidative stress and frequently affected in
oxidant-related neurodegenerative disorders (3).

Compared with saline-treated controls, the brains of MPTP-
treated mice exhibited strikingly elevated levels of both o,0'-
dityrosine and 3-nitrotyrosine. Moreover, we observed signifi-
cant increases in these two markers in striatum and in ventral
midbrain but not in frontal cortex and cerebellum, which is
consistent with the specificity of MPTP’s neurotoxic effects on
the nigrostriatal dopaminergic pathway. These observations
indicate that MPTP promotes protein oxidation specifically in
brain regions known to be affected by the toxin and provide

. evidence that it stimulates both the production of reactive

species and oxidative damage to critical cellular elements.

ortho-Tyrosine was the major product when brain protei1s
were exposed in vitro to HO" generated by a metal-catalyzed
oxidation system. In contrast, ortho-tyrosine concentrations
were not altered in brain tissue from MPTP-treated mice.
MPTP has been proposed to enhance HO" production by im-
pairing mitochondrial respiration (17, 48, 49). However, the
lack of a detectable increase in ortho-tyrosine levels in the
brain of MPTP-treated mice argues against a prominent role
for HO' in protein damage and casts doubt on the participation
of HO" in MPTP-induced neurotoxicity ir vivo.

The marked increase in 3-nitrotyrosine levels after MPTP
administration strongly suggests that reactive nitrogen inter-
mediates play key roles in protein oxidation. Compelling evi-
dence for this view comes from our in vitro experiments, which
show that ONOO™ causes a striking elevation of 3-nitroty-
rosine, with a significant increase in ortho-tyrosine and a much
smaller increase in o,0’-dityrosine. Qur observations are in
good agreement with previous demonstrations that inhibition
of nitric-oxide synthase attenuates MPTP-induced dopaminer-
gic toxicity (16-18).

Beal and collaborators showed that MPTP significantly in-
creases striatal levels of free 3-nitrotyrosine in mice (17). How-
ever, the relationship between free 3-nitrotyrosine and 3-nitro-
tyrosine in proteins is unknown, and the pathophysiological
significance, if any, of free 3-nitrotyrosine remains to be deter-
mined. In contrast, protein nitration may be deleterious be-
cause it alters the pK, of tyrosine and can affect the protein’s
secondary and tertiary organization, thereby altering its func-
tion, as we have demonstrated for tyrosine hydroxylase (30).
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Therefore, our data not only confirm that MPTP increases
brain levels of 3-nitrotyrosine, but, more importantly, they
strongly support the hypothesis that tyrosine nitration of brain
proteins may play a critical role in the MPTP neurotoxic
process.

The o,0'-dityrosine increase we observed after MPTP admin-
istration suggests that a pathway involving tyrosyl radical may
provide a second physiologically relevant mechanism for pro-
tein oxidation in this model. In all cases where the biochemical
pathway is known, a heme protein mediates o,0'-dityrosine
synthesis. One such candidate is myeloperoxidase, which is
specifically expressed by myeloid cells and may be present at
low levels in brain macrophages and microglial cells. It also
appears to be up-regulated in activated macrophage/microglial
cells around demyelinating lesions in multiple sclerosis (50).

Myeloperoxidase uses H,0, to generate oxidizing intermedi-
ates that destroy invading pathogens. Recent studies indicate
that this enzyme and other heme proteins can use H,0, to
oxidize nitrite, a decomposition product of NO, generating 3-ni-
trotyrosine and other nitration products in vitro (33, 51-53).
Heme proteins also oxidize tyrosine to tyrosyl radical, a reac-
tive intermediate that promotes o,0'-dityrosine formation.
Brain proteins incubated with the myeloperoxidase-nitrite-
H,0, system demonstrated an increase in 3-nitrotyrosine lev-
els similar to those observed in MPTP-treated mice. These
observations indicate that myeloperoxidase can promote the
formation of 0,0'-dityrosine and 3-nitrotyrosine by two distinct
pathways, one involving tyrosyl radical and the other involving
reactive nitrogen species. In light of these in vitro oxidation
patterns and the protective effects of nitric-oxide synthase in-
hibitors, we speculate that if myeloperoxidase or other heme
proteins contribute to the neurotoxicity of MPTP, they act
through the pathway involving reactive nitrogen species.

In the MPTP model, a strong astrocytic and microglial reac-
tion occurs in both the striatum and ventral midbrain soon
after dopamine neurons begin to die (54). This robust glial
reaction might provide the necessary cellular substrate for
myeloperoxidase induction and therefore for o,0'-dityrosine
production. According to this scenario, damage inflicted by
tyrosyl radical may be a secondary event in MPTP-induced
neurotoxicity. This does not, however, undermine the patholog-
ical significance of myeloperoxidase action, which would peak
during the most active phase of neurodegeneration (55). There-
fore, tyrosyl radical may not initiate but may enhance dopam-
inergic neuronal death in the MPTP mouse model of PD. Other
heme proteins that can catalyze the selective increase in 3-ni-
trotyrosine and o,0'-dityrosine in the brains of MPTP-treated
mice include mitochondrial heme proteins like cytochrome c.

The latter might be especially relevant to both MPTP and PD

because a large body of evidence points to the mitochondrion as
the site of the major deleterious event that drives dopaminergic
neurodegeneration.

The overall increase in oxidized amino acids in MPTP-in-
duced brain injury represents ~2 in 10,000 protein tyrosine
residues. One could raise the question of whether this low level

of oxidation products is likely to be biologically important. We L»

believe that the increases in specific oxidation products we
observe may be significant for several reasons. First, similar
levels of oxidation products have been reported in other condi-
tions where oxidative damage has been implicated in the
pathogenesis of disease (21, 34, 56-62). Second, an inherent
problem with the analysis of biological material is that there is
substantial “dilution” of the targets of protein oxidation with
proteins present in surrounding normal tissue. Therefore, even
with substantial damage to specific proteins it is conceivable
that the overall level of protein oxidation products will be low.
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Indeed, the selective nitration of tyrosine hydroxylase by reac-
tive nitrogen species has been proposed to be of critical patho-
logic importance in the pathogenesis of PD (30). Third, there
could be other targets for damage by reactive oxidant species
such as lipids and DNA that are biologically relevant. In this
sense, the products we have quantified may be serving as
markers of oxidative damage. Finally, we believe that our in
vitro studies provide strong evidence that the pattern of eleva-
tion of oxidized amino acids serves as a “molecular” fingerprint
for the pathways that are mediating oxidative damage in vivo
(19, 63). Though the oxidation products themselves may or may
not be pathophysiologically significant, the increases in 3-ni-
trotyrosine and o,0'-dityrosine we observe point toward reac-
tive nitrogen species and tyrosyl radical as being physiologi-
cally relevant. In contrast, there is no evidence that HO" (the
oxidant generally proposed to be mediating protein damage) is
playing a role in this model of PD.

Because of the similarity between the MPTP model and PD,
it is possible that the culprits identified above may underlie the
oxidative attack that presumably kills dopaminergic neurons
in PD. Accordingly, the present study may have important
implications for understanding the pathogenesis of PD and for
developing antioxidant interventions to halt or retard neuro-
degeneration in this disorder.

Acknowledgments—We thank Drs. J. Byun, J. Heller, G. Yeh, and C.
Leeuwenburgh for helpful discussions and N. Holmberg for expert
technical assistance. Mass spectrometry experiments were performed
at the Washington University School of Medicine Mass Spectrometry
Resource.

REFERENCES

1. Fahn, S. (1988) in Cecil’s Textbook of Medicine (Wyngsaarden, J. B., and Smith,
L. H., Jr., eds) pp. 2143-2147, W. B. Saunders, Philadelphia
2. Hornykiewicz, O., and Kish, S. J. (1987) in Parkinson’s Disease (Yahr, M., and
Bergmann, K. J eds) pp. 19-34, Raven Press, New York
[ {3.; Przedborski, S., and Jackson-Lewis, V. (1998) Curr. Opin. Neurol 11, 335-339
. Fridovich, 1. (1983)Annu Rev. Ph.armncol Toxicol. 28, 239-257
5. Ames, B. N., Shigenaga, M. K., and Hagen, T. M. (1993) Proc. Natl. Acad. Sci.
U. S. A. 90, 7915-7922
6. Poirier, J., and Barbeau, A. (1985) Biochem. Biophys. Res. Commun. 131,
45734574
7. Rossetti, Z. L., Sotgiu, A., Sharp, D. E., Hadjiconstantinou, M., and Neff, M.
(1988) Biochem. Pharmacol. 87, 4573-4574
8. Rupniak, N. M., Boyce, S., Steventon, M. J., Iversen, S. D., and Marsden, C. D.
(1992) Ann. Neurol. 82, 103-105
9. Zang, L. Y., and Misra, H. P. (1992) J. Biol. Chem. 267, 23601-23608
10. Hasegawa, E., Takeshige, K., Oishi, T., Murai, Y., and Minakami, S. (1990)
Biochem. Biophys. Res. Commun. 170, 1049-1055
11. Halliwell, B., and Gutteridge, J. M. {1991) Free Radicals in Biology and
Medicine, Clarendon Press, Oxford
12. Riederer, P., Sofic, E., Rausch, W. D., Schmidt, B., Reynolds, G. P., Jellinger,
K., and Youdim, M. B. (1989) J. Neurochem. 52, 515-520
13. Dexter,D.T., Wells, F. R., Agid, F., Agid, Y., Lees, A., Jenner, P., and Marsden,
C. D. (1987) Lancet 2, 219-220
14. Swartz, H. M., Sarna, T., and Zecca, L. (1992) Ann. Neurol. 82, suppl.,
869-875
15. Beckman, J. S., Beckman, T. W., Chen, J., Marshall, P. A, and Freeman, B. A.
(1990) Proc. Natl. Acad. Sci. U. 8. A. 87, 1620-1624
18- Przedborski, S., Jackson-Lewis, V., Yokoyama, R., Shibata, T., Dawson, V. L.,
2 and Dawson, T. M. (1996) Proc. Natl. Acad. Sci. U. S. A. 93, 4565-4571

3 7} Schulz, J. B., Matthews, R. T., Mugit, M. M. K., Browne, S. E., and Beal, M. F.

Y (1995) J. Neurochem. 64, 936-939

Hantraye, P., Broillet, E., Ferrante, R., Palfi, S., Dolan, R., Matthews, R. T,,

.. and Beal, M F. (1996) Nat. Med. 2, 1017-1021

9/ Heinecke, J. W. (1997) Biofactors 8, 145-155
. Klebanoff, S. J. (1980) Ann. Intern. Med. 938, 480489
NLeeuwenburgh, C., Rasmussen, J. E., Hsu, F. F., Mueller, D. M., Pennathur,

S., and Heinecke, J. W. (1997) J. Biol. Chem. 272, 3520-3526

22. Hazen, S. L., Gaut, J. P, Hsu, F. F., Crowley, J. R., d’Avignon, A., and
Heinecke, J. W. (1997) J. Biol. Chem. 272, 16990-16998

23. Hazen, S. L., Hsu, F. F., Duffin, K., and Heinecke, J. W. (1996) J. Biol. Chem.
271, 23080-23088

24. McCormick, M. L., Gaut, J. P, Lin, T. 8., Britigan, B. E., Buettner, G. R., and
Heinecke, J. W. (1998) J. Biol. Chem. 278, 32030-32037

25. Heinecke, J. W., Hsy, F. F., Crowley, J. R., Hazen, S. L., Leeuwenburgh, C.,
Mueller, D. M, R J. E., and Turk, J. (1998) Methods Enzymol.
800, 124-144

26. Beal, M. F. (1997) Neuroscientist 8, 21-27

27. Kaur, H., Lyras, L., Jenner, P., and Halliwell, B. (1998) J. Neurochem. 70,
2220-2223

28. Sokolovsky, M., Riordan, J. F., and Vallee, B. L. (1966) Biochemisiry 5,
3582--3589




34628 Protein Oxidation in MPTP-treated Mice
e
29. Hazen, S. L., Hsu, F. F., and Heinecke, J. W. (1996) J. Biol. Chem. 271, ['(' @9’ Sanchez-Ramos, J. R., Overvik, E., and Ames, B. N. (1994) Neurodegeneration

. 1861-1867 , 197-204
17 Arsa, J., Przedborski, S., Naini, A. B., Jackson-Lewis, V., Trifiletti, R. R,,/'z 47/ Beal, M. F. (1995) Ann. Neurol. 88, 357-366
Horwitz, J., and Ischiropoulos, H. (1998) Proc. Natl. Acad. Sci. U. S. A. 85, ; Smith, T. S., Swerdlow, R. H., Parker, W. D., Jr., and Bennett, J. P., Jr. (1994)
7659-7663 i? Neuroreport 5, 2598 -2600
31. Leis, J. R., Pens, M. E., and Rios, A. A. (1993) J. Chem. Soc. Chem. Commun. - v¥97 Smith, T. S., and Bennett, J. P. J. (1997) Brain Res. 765, 183-188
16, 1298-1299 ! ~3D. Nagra, R. M., Becher, B., Tourtellotte, W. W., Antel, J. P, Gold, D., Paladino,
32. Beckman, J. S., Chen, J., Ischiropoulos, H., and Crow, J. P. (1994) Methods/ * N> T Smith R. A., Nelson, J. R., and Reynolds, W. F. (1997)J. Neuroimmunol.

78, 97-107

Enzymol. 288, 229-240
S % Van deeriet, A., Eiserich, J. P., Halh'well, B., and Cmss, C.E. (1997) J. Biol., Sampson, J. B., Ye, Y., Rosen, B., and Beckman, J. S. (1998) Archk. Biochem.
- X Chem. 272, 7617-7625 . Biophys. 356, 207-213
G euw.enburgh, C., Hardy, M. M" Hazen, S. L., Wagner, .P" Oh-ishi, S"/ 54, Eiserich, J. P., Cross, C. E,, Jones, A. D., Halliwel, B., and van der Vliet, A.
| Steinbrecher, U. P., and Heinecke, J. W. (1997) J. Biol. Chem. 292/ / (1996) J. Biol. Chem. 271, 19199-19208
1433-1436 L : e
35. Lymar, S. V., and Hurst, J. K. (1995) J. Am. Chem. Soc. 117, 8867-8868 _ (¥\05) Fisgrih, . B, Hrisiora, M. Oross, 3 b Jones, & D orear ™ = 4
36. Lymar, S. V., Jiang, Q., and Hurst, J. K. (1996)dez_emzstry 85, 7855-7861 (‘( KOhutnicka,, }JI., Lowendowska, E.. Kurkowsis Jastrosbsks, L, and
37. Lymar, 8. V., and H‘urst, J. K. (1996) Chem. Res. Toxicol. 9, _845—850 ) { Czlonkowski, A (1998) Immunopharmacology 39, 167-180
38. Upg;x’,lﬂs?l)\dsigg; adrito, G. L., and Pryor, W. A. (1996) Arch. Biochem. Biophys. 5.)Jackson-Lewis, V., Jakowec, M., Burke, R. E., and Przedborski, S. (1995)
39. Patel, R. P, McAndrew, J., Sellak, H., White, C. R., Jo, H., Freeman, B. A., udlf " Ba&:ffﬁ"ﬁ?%‘}}tﬁf?ﬁ“ (1999) Diabetes 48. 1-9
Darley-Usmar, V. M. (1999) Biochim. Biophys. Acta 1411, 385-400 U ' 2 Ve Ve » 9. 0y - .
T L
41. Degicol:, A., Freeman, B. A., Trujillo, M., and Radi, R. (1996) Arch. Biochem. gg aon, 8 L axd o eg;gn‘: oy 1(v[ ch)m; . 'ﬁe:rtp :é B o Basmes
iophys. 333, 49-58 . » M. L, y 1. dy , 1. A,y 5 9.ty y
42. Stadtman, E. R. (1992) Science 257, 1220-1224 J. W.(1997) J. Clin. Invest. 100, 839-846
43. Wink, D. A, Nims, R. W., Saavedra, J. E., Utermahlen, W. E., and Ford, P.C.  60. Dyer, D. G, Dunn, J. A,, Thorpe, S. R., Baillie, K. E., Lyons, T. J., McCance,
(1994) Proc. Natl. Acad. Sci. U. S. A. 91, 66046608 D. R, and Baynes, J. W: (1993} J. Clin. Invest. 91, 2463-2469
44. Huggins, T. G., Wells-Knecht, M. C., Detorie, N. A., Baynes, J. W., and Thorpe,  61. We}lsi}l:{necht, L:[] (B?-., ?léghgln& T. G., Dyer, D. G., Thorpe, S. R., and Baynes,
Y S. R. (1993) J. Biol. Chem. 268, 1234112347 7 . W.(1993) J. Biol. Chem. 17, 12348—1?352
P 45._\ Togasaki, D. M., Shigenaga, M. I’(., Jackson-Lewis, V., and Przedborski, 8.0 Sell, D. R., and Monnier, V. M. (1989) J. Biol. Chem. 264, 21597-21602
b " (1996) Soc. Neurosci. Abstr. 22, 1495 7.]{63, Heinecke, J. W. (1998) Atherosclerosis 141, 1-15




-

........................................................................................ ARTICLES

Inducible nitric oxide synthase stimulates dopaminergic
neurodegeneration in the MPTP model of Parkinson disease
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MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) damages dopaminergic neurons as seen
in Parkinson disease. Here we show that after administration of MPTP to mice, there was a ro-
bust gliosis in the substantia nigra pars compacta associated with significant upregulation of in-
ducible nitric oxide synthase (iNOS). These changes preceded or paralleled MPTP-induced
dopaminergic neurodegeneration. We also show that mutant mice lacking the iNOS gene were
significantly more resistant to MPTP than their wild-type littermates. This study demonstrates
that iNOS is important in the MPTP neurotoxic process and indicates that inhibitors of INOS may
provide protective benefit in the treatment of Parkinson disease.

Parkinson disease (PD) is a common neurodegenerative disor-
der whose cardinal features include tremor, slowness of move-
ment, stiffness and poor balance'. Most, if not all, of these
disabling symptoms are due to a profound reduction in striatal
dopamine content caused by the loss of dopaminergic neurons
in the substantia nigra pars compacta (SNpc) and of their pro-
jecting nerve fibers in the striatum®*. Although several ap-
proved drugs do alleviate PD symptoms, their chronic use is
often associated with debilitating side effects®, and none di-
minish the progression of the disease. Moreover, the develop-
ment of effective neuroprotective therapies is impeded by our
limited knowledge of the actual mechanisms by which
dopaminergic neurons die in PD. So far, however, considerable
insights into the pathogenesis of PD have been achieved by
the use of the neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), which causes in humans and in nonhu-
man primates a severe and irreversible PD-like syndrome®. In
several mammalian species, MPTP reproduces most of the bio-
chemical and pathological hallmarks of PD, including the sub-
stantial degeneration of dopaminergic neurons®. Furthermore,
there is mounting evidence that reactive oxygen species, espe-
cially nitric oxide (NO), are pivotal in the MPTP neurotoxic
process®, which supports the hypothesis that oxidative stress
contributes to the pathogenesis of PD (ref. 7).

So far, three distinct NO-synthesizing isoenzymes have been
purified and molecularly cloned®: neuronal NO synthase
(nNOS), inducible NOS (iNOS) and endothelial NOS. nNOS is
the main NOS isoform in the brain, as its catalytic activity and
protein are identifiable throughout the central nervous sys-
tem®'°. In contrast, iNOS normally is not'' or is minimally*? ex-
pressed in the brain. However, in pathological conditions,
iNOS expression can increase in brain glial cells" and invading
macrophages in response to a variety of injuries’'S.
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Endothelial NOS is mainly localized in the endothelium of
blood vessels and to a minimal extent in different discrete re-
gions of the brain'®'®. Thus, our success in determining the
pathogenesis of PD as well as in developing neuroprotective
therapies that target the NO pathway is contingent on our elu-
cidation of which of the NOS isoenzymes contribute to the
production of the NO involved in dopaminergic neuron de-
generation. The pharmacological inhibition of nNOS,
produced by 7-nitroindazole and S-methylthiocitrulline, sub-
stantially attenuates MPTP-induced dopaminergic neurotoxic-
ity in mice and monkeys'**. Although these NOS antagonists
are considered selective nNOS inhibitors, it is not certain that,
at the dose used in these studies, they retain all of their selec-
tivity. Consistent with this is the demonstration that nNOS-
deficient mice with about 10% residual nNOS activity' are
partially protected against MPTP (ref. 20), whereas mice
treated with doses of 7-nitroindazole that cause about 80%
nNOS inhibition are completely protected'®*. These data indi-
cate that although nNOS is important, other NOS isoforms
might also participate in the dopaminergic neurodegeneration
that occurs in the MPTP model and in PD. Relevant to this is
the demonstration that many cells in the SNpc from post-
mortem PD samples express considerable amounts of iNOS,
whereas those from age-matched controls do not®. Although
upregulation of iNOS in acute injury may lead to cell death'>*,
most likely through the production of large amounts of NO
over a prolonged period of time®, its involvement in a chronic
neurodegenerative process such as in PD is not known. Here
we show that iNOS is not only upregulated in the SNpc of
MPTP-treated mice, but that its ablation in mutant mice sig-
nificantly attenuates MPTP neurotoxicity, thus indicating that
iNOS is essential in MPTP-induced SNpc dopaminergic neu-
rodegeneration.
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Table 1 Number of neurons in the SNpc was minimal in salinc-injected

---- mice, but rapidly increased after

Saline MPTP MPTP injection (Fig. 2/1). Indeed,

Wild-type iNOS " Wwild-type iNOS in MPTP-injected mice, ventral

Tyrosine hydroxylase ~ 10,188 £ 619 9,680 + 496 2,940 + 698* 5,720+ 539+  Midbrain iNOS activity began to
Niiss! 13,563+1007 12,913 530 6,300 + 539* 10,417+ 380+  increase by 12 hours, peaked by

SNpc neurons (mean £ s.e.m.; n =5 per group) were counted by stereclogy. *, P < 0.001, fewer than both saline-injected groups;
**, P <0.05, fewer than both saline-injected groups and more than MPTP-injected wild-type mice; Newman-Keuls post-hoc test.

24-48 hours (300% increase), and
then slowly subsided back to con-

MPTP produces a robust glial response

In saline-injected mice, ventral midbrain expression of
macrophage antigen-1 (MAC-1) and glial fibrillary acidic pro-
tein (GFAP), which are specific markers of microglia and astro-
cytes, respectively, was minimatl (Fig. 1a—c). This corresponded
to only a few faintly immunoreactive resting microglia and as-
trocytes in the substantia nigra (Fig. 1fand i). In MPTP-injected
mice, ventral midbrain expression of MAC-1 and GFAD was sig-
nificantly greater (Fig. 1a—c) and there were many robustly im-
munoreactive MAC-1-positive activated microglia and
GFAP-positive reactive astrocytes (Fig. 1d,e,g and h). Although
the MPTP-induced glial response predominated in the SNpc, it
spanned the entire substantia nigra (Fig. 1d and g). Changes in
MAC-1 expression were evident by 12 hours, reached a maxi-
mum by 24-48 hours, and were no longer different from con-
trol samples by day 7 after MPTP injection (Fig. 1a and b). In
contrast to MAC-1 expression, changes in GFAP expression
were only noticeable by 24 hours, were maximal by 4-7 days,
and showed a trend towards returning to control levels by 21
days after MPTP injection (Fig. 1a and c). In the striatum, the
time course of the MPTP-induced changes in MAC-1 and GFAP
expression were similar to those seen in the ventral midbrain
(data not shown).

MPTP stimulates iNOS expression in glial cells
In saline-injected mice, there were rarely iNOS-immunoreac-
tive cells in the SNpc (Fig. 2). In MPTP-injected mice, the num-
ber of SNpc iNOS-positive cells increased rapidly over time,
reaching a 250% increase by 24 hours after MPTP injection
(Fig. 2). However, iNOS-positive cell counts were no longer sig-
nificantly different from controls by 48 hours after MPTD injec-
tion (Fig. 2d). In the striatum, no iNOS-positive cells were
identified after MPTP injection. We confirmed the specificity
of the antibody against iNOS by western blot analysis (Fig. 2¢).
To elucidate the nature of the SNpc iNOS-positive cells, we
simultaneously immunostained midbrain sections for iNOS
and MAC-1 or GFAP. At 24 hours after MPTP injection, the
time with the most iNOS-positive cells, there was iNOS im-
munoreactivity in MAC-1-positive activated microglial cells
(Fig. 2c). In contrast, none of the iNOS-positive cells were ei-
ther GFAP-positive or had a neuronal morphology.

trol activity by 7 days after MPTP
injection (Fig. 2h). As for iNOS mRNA, iNOS catalytic activity
in the striatum was low and was unaffected by MPTP injection
(not shown). We also measured nNOS activity in ventral mid-
brain from mice treated with saline or MI"I'P; nNOS activity
was consistently higher than iNOS and was unmodified by
MPTP injection (Fig. 2/1).

iNOS-deficient mice are more resistant to MPTP

Given the MPTP-induced SNpc iNOS upregulation, we deter-
mined the involvement of this enzyme in MPTP neurotoxicity
by comparing the effects of the toxin in mutant mice deficient
in iNOS (iNOS™) and in their wild-type littermates; this ap-
proach is more advantageous than pharmacological inhibition
of NOS because it allows for the study of iNOS independently
of other NOS isoenzymes. Stereological counts of SNpc
dopaminergic neurons, defined by tyrosine hydroxylase (TH)
and Nissl staining, did not differ between saline-injected
iNOS~ mice and their saline-injected wild-type littermates (Fig.
3a and Table 1). In wild-type mice, only 29% of the SNpc TH-
positive neurons and 46% of the Nissl-stained SNpc neurons
survived MPTP injection (Fig. 3a and Table 1). In contrast,
about twice as many SNpc TH-positive and Nissl-stained neu-
rons survived in iNOS'™ mice treated with an identical MIIP
regimen (Fig. 3a and Table 1). However, there were no signifi-
cant differences in the extent of loss in striatal levels of
dopamine, DOPAC (3-4-dihydroxyphenylacetic acid) and HVA
(homovanillic acid) between iNOS” mice and their wild-type
littermates after the administration of MPTP (Table 2).

Microglial responses and MPP* production in iNOS”~

Although iNOS” mice lack iNOS expression, they showed in-
creases in MAC-1 expression similar to those seen in wild-type
mice in response to MPTP (Fig. 3b and ¢). The main determin-
ing factor of MPTP neurotoxic potency is its conversion in glia
to the 1-methyl-4-phenylpyridinium ion* (MPI”'). To confirm
that the resistance of iNOS™ mice was duce to the absence of the
iNOS gene and not due to an alteration in the glial production
of MPP*, we measured its striatal content at ditferent times after
MPTP injection. At no time did the striatal content of MPP' dif-
fer significantly between the iNOS’™ mice and their wild-type
littermates (Table 3).

MPTP increases iNOS mRNA levels and enzymatic activity

Table 2  Striatal monoamine levels (ngi/imgassue)? 7

We further characterized the iNOS response to MPTP by

s . - . Dopamine DOPAC HVA
assessing its mRNA level and enzymatic activity. In saline-
injected mice, ventral midbrain iNOS mRNA was almost ~ Saline (n=6) 147+0.8 1.64£03 29+0.1
undetectable (Fig. 2). In contrast, in MPTP-injected mice, CAV'T;Pt e S8 0.5e 07+ 0.0r |8 t00r
midbrain iNOS mRNA levels were detected by 12 hours, ra-type (n = 80 /0. 80
y iINOS* (n=15) 2.4+03* 0.5+£0.1* 1.7£0.2%*

were maximal by 48 hours, and were no longer detected

by 4 days after MPTP injection (Fig. 2f and g). Striatal
iNOS mRNA levels were very low and were unchanged by
MPTP injection (not shown). In agreement with the
mRNA results, ventral midbrain iNOS enzymatic activity
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As dopamine, DOPAC, and HVA values did not differ between saline-injected iNOS * and their
saline-injected wild-type littermates, data from both groups were combined. *, P< 0.01, differ-
ent from saline-injected control mice but not MPTP-injected INOS ' mice; **, P < 0.01, different
from saline-injected control mice but not MPTP-injected wild-type mice; Newman-Keuls post-
hoc test. Data represent means £ s.e.m. for four to six mice per group.

NATURE MEDICINE = VOLUME 5 » NUMBER 12 « DECEMBER 1999



.......... ARTICLES

Brain nitrotyrosine levels in iNOS” and wild-type mice

Table 3 MPP* levels (ug/g striatum)

To assess the extent of NO-related oxidative damage, we

determined nitrotyrosine levels by dot-blot analysis in se- 90 min 120 min 180 min 360 min
lected brain regions of iNOS” and wild-type mice after Wild type 17.75£0.50 23.10£4.30 19.17+0.63 1.61+0.12
iINOS™" 24.24+2.70 20.61+2.23 17.18+0.83 1.91+0.49

saline or MPTP injection. In saline-injected mice, the dis-

tribution of nitrotyrosine was similar between the two
groups of mice in that levels were highest in striatum and

Striatal MPP* levels in wild-type and iNOS”~ mice at 90, 120, 180 and 360 min after the last
MPTP injection do not differ (P > 0.05; Newman-Keuls post-hoc test) between the two
groups. Data represent means * s.e.m. for four mice per group and time point.

cerebellum, followed by frontal cortex, and were lowest in
ventral midbrain (Table 4). In MPTP-injected iNOS™~ and
wild-type mice, nitrotyrosine levels were significantly in-
creased in striatum and ventral midbrain and unchanged in the
other brain regions studied (Table 4). MPTP produced signifi-
cantly smaller increases in nitrotyrosine levels in the ventral
midbrain of iNOS” mice than of their wild-type counterparts,
whereas it produced similar increases in the striata of the two
groups of mice (Table 4).

Discussion

This study shows that, in addition to the considerable loss of
dopaminergic neurons, gliosis is a salient neuropathological
feature of the SNpc and the striatum in the MPTP mouse
model, as in PD (refs. 27,28). Although gliosis sometimes may
be associated with beneficial effects, there are many more situ-
ations in which gliosis may be deleterious**, including in PD
(ref. 28). Consistent with this, our data indicate that inflamma-
tory-related events, such as gliosis, may contribute to the de-
generation of dopaminergic neurons in the MPTP model. For
example, activated microglial cells appeared in the SNpc much
sooner than reactive astrocytes (Fig. 1) and at a time when only
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minimal neuronal death has occurred®. This supports the con-
tention that the microglial response to MPTP arises early
enough in the neurodegenerative process to contribute to the
demise of SNpc dopaminergic neurons. In keeping with the
deleterious role of microglia, we found that these cells not only
increase in number after MPTP injection, but also, more impor-
tantly, were the site of iNOS upregulation (Fig. 2). Therefore,
activated microglial cells can flood surrounding dopaminergic
neurons with large amounts of iNOS-derived NO and other re-
active species, such as superoxide radicals*. The time course of
the response of astrocytes to MPTP was quite distinct from that
of microglia (Fig. 1), in that the changes in the density of reac-
tive astrocytes in both striatum and SNpc did not precede but
rather occurred at the same time as the active phase of
dopaminergic neuron degeneration®. This indicates that the
astrocytic reaction is secondary to the loss of dopaminergic
neurons and not a primary event. Although this diminishes the
potential role of reactive astrocytes in initiating the dopamin-
ergic neurodegeneration, it does not undermine the potential
role of these cells in propagating the neurodegenerative
process.

Both in vitro and in vivo experiments indicate that iNOS tran-
scription can be induced by various cytokines, including tumor
necrosis factor-o, interleukin-1p and interferon-y (refs. 33-35)
as well as by ligation of the macrophage cell surface antigen
CD-23 (ref. 36). It is thus particularly relevant to PD that glial
cells immunoreactive for those cytokines and CD-23 are de-
tected in the SNpc of PD patients”. In agreement with this
transcriptional induction model of iNOS, the mRNA levels of
iNOS increased in the ventral midbrain of MPTP-injected mice
(Fig. 2). However, in the striatum, whereas a strong glial reac-
tion did occur after MPTP injection, there was no detectable in-
duction of iNOS mRNA. Among various possibilities, the
discrepancy in the iNOS response between striatum and ventral
midbrain may reflect either a differential mode of iNOS regula-
tion between these two brain regions or the existence of a stri-
atal factor that suppresses the induction of iNOS*.

Our data on microglial iNOS immunoreactivity in the SNpc
of MPTP-injected mice are in agreement with results in PD pa-
tients, in whom iNOS immunoreactivity has also been found

Fig. 1 MPTP-induced glial reaction. ¢, Ventral midbrain MAC-1 (g and
b) and GFAP (a and ¢) expression is minimal in saline-injected mice (S), but
increases in a time-dependent manner after MPTP injection. Data repre-
sent mean * s.e.m. {n = 4-5). **, P< 0.01 and *, P < 0.05, compared with
saline, Newmas-Keuls post-hoc test. d-i, There is a robust MAC-1 (d) and
GFAP (g) immunostaining in the SNpc of MPTP-treated mice compared
with that in saline-treated control mice (f and i) at 24 h after injection. e
and h, Magnification of the boxed areas in d and g shows that the MAC-1-
and GFAP-immunoreactive cells in the MPTP-treated mice seem to have a
morphology typical of activated microglia cells (¢) and of reactive astro-
cytes (h). Scale bars represent 200 um (d,f,g,/; shown in d) and 15 pm (e,h;
shown in e).
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Fig. 2 MPTP-induced iNOS upregulation. @ and b, SNpc
of a mouse 24 h after MPTP injection (a), containing an e 12 f Hours after MPTP
iNOS-positive cell (b; enlargement of boxed area in a). ¢, All - 22 Saline 12 24 8 96
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iF:nmunoreactivity (short arrow). Scale bars represent 200 T71408 B-actin B s s b e
um (a) and 10 pm (b,c). d, Time course of iINOS-positive
cell numbers in the SNpc after MPTP injection (n = 4-5 g h 60
mice per time point). *, P < 0.05, compared with all other 12 # 8.0 Do
groups, Newmas-Keuls post-hoc test. e, Western blot analy- '.f. 1.0 T 70
sis of protein extract from lipopolysaccharide-treated .g o8 gg 6.0 W
mouse cells demonstrates that the antibody against iNOS . . 8": 504,
used here recognizes a single band with an apparent mole- g 0.6 oE 27 .
cular mass of 130 kDa (lane 1), which is consistent with £ 04 g3 oo 5
iNOS; when the antibody against iNOS is omitted the band g 0.2 E g':
is not seen (lane 2). Right margin, molecular sizes. fand g, E 0 o:o
Ventral midbrain iNOS mRNA levels are increased by 24 Saline 12 4 48 9% Saline 0 1 2 3 4 & 6 7
and 48 h after MPTP injection compared with those of .
saline-injected mice, but return to basal levels by 96 h. Data Hours after MPTP Days after MPTP injection
are from three mice per group and are representative of at
least three independent experiments. P, iNOS-positive control s still increased at 4 d although it returns to basal levels by 7 d after

(lipopolysaccharide-treated mouse cells). *, P < 0.05 and #, P < 0.01,
higher than all other groups, Newmas-Keuls post-hoc test. h, Ventral
midbrain INOS activity is significantly increased 1 d after MPTP injection,

MPTP injection, whereas ventral midbrain nNOS activity remains un-
changed throughout. *P < 0.01, higher than all other groups, Newmas-
Keuls post-hoc test.

in SNpc microglia/macrophages®. However, our study pro-
vides essential insights into these autopsy findings, by indicat-
ing that iNOS upregulation is not due to the chronic use of
anti-PD drugs such as L-dopa, nor is it an alteration that oc-
curs at the very end of the disease process. Instead, our obser-
vation of increased iNOS immunoreactivity and enzymatic
activity in MPTP-injected mice (Fig. 2) fits with the idea that
iNOS-medijated NO and superoxide production® may con-
tribute to the neurodegenerative process in this model and in
PD. However, NO is membrane-permeable and can diffuse to
neighboring neurons, whereas superoxide cannot readily
transverse cellular membranes®”, making it unlikely for mi-
croglial-derived extracellular superoxide to gain access to
dopaminergic neurons and directly trigger intracellular toxic
events. Alternatively, NO could react with superoxide in the
extracellular space to form the very reactive tissue-damaging
species, peroxynitrite, which can cross the cell membrane and
injure neurons. Therefore, microglial-derived superoxide, by
contributing to peroxynitrite formation, may be important in
this model. The presumed absence of direct involvement of
extracellular superoxide in MPTP neurotoxic process, how-
ever, does not contradict the instrumental role of intracellular
superoxide in this model®, especially that produced within
dopaminergic neurons consequent to the mitochondrial elec-
tron transport chain blockade by MPP*.

Consistent with the involvement of iNOS in the MPTP neu-
rotoxic process is our demonstration that approximately twice
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as many SNpc dopaminergic neurons survived in iNOS mice
as in their wild-type littermates after MPIP injection (Table 1),
As activated microglia can also exert deleterious effects unre-
lated to NO, it must be emphasized that iNOS”’ mice showed
no evidence of impaired microglial activation in response to
MPTP (Fig. 3) and iNOS" macrophages, which do not produce
NO, remain responsive to interferon-y and, once activated, pre-
serve their respiratory burst capacity® that includes the forma-
tion of superoxide’. Moreover, ablation of iNOS was not
associated with alterations in the formation of the MPTP active
metabolite MPP* (Table 3), which is the most important modu-
lating factor of MPTP potency®. Given these data, the resis-
tance of iINOS' mice to MPTP may result from the lack of iNOS
expression and the consequent reduced NO formation, and not
from either a microglial-deficient respiratory burst capacity or
an altered MPTP metabolism. Unexpectedly, the resistance of
the SNpc dopaminergic neurons in iNOS ' mice was not accom-
panied by a similar sparing of striatal dopaminergic fibers,
given that the levels of dopamine and metabolites after MPTP
injection were similarly decreased in iNOS” mice and their
wild-type littermates (Table 2). In the SNpc, MPTP caused sig-
nificant upregulation of iNOS and, constitutively, there are
only a few midbrain nNOS-positive neuronal elements that are
not of dopaminergic nature and that do not have a close rela-
tionship with SNpc dopaminergic neurons’*. In contrast, in
the striatum, MPTP did not cause any detectable iNOS upregu-
lation and, constitutively, there are many nNOS-positive neu-
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rons and nerve fibers®. Therefore, the substan-
tial preservation of the SNpc dopaminergic

Table 4 Nitrotyrosine levels (ng/ug protein)

neurons coinciding with the loss of striatal

dopaminergic fibers in MPTP-injected iNOS™  Wild-type
mice can be explained by the fact that MPTP- Saline
mediated damage of striatal dopaminergic MPTP
nerve fibers, unlike that of SNpc dopaminergic INOS™ i
neurons, does not rely much on NO produced i/iliPI%f

by iNOS, but instead on other NOS isoforms

Frontal Cortex Striatum Ventral Midbrain Cerebellum
18.9+3.7 309+2.1 13.3+3.2 21.6+3.2
19.1+£2.1 67.8+3.1* 31.7£1.7* 23.5+22
18.4+3.5 28325 140125 206+1.8
19.61£2.5 68.4 + 2.9** 21.9 & 1.7%* 19.1+2.0

such as nNOS (ref. 20).
Peak ventral midbrain iNOS enzymatic activ-

* P<0.01, higher than saline-injected mice; **, P<0.01, higher than saline-injected mice but not MPTP-injected
wild-type mice; ***, P < 0.05, higher than saline-injected mice but lower than MPTP-injected wild-type mice;
Newman-Keuls post-hoc test. Data represent mean + s.e.m. for three to four mice per group and treatment.

ity was about 15% that of nNOS enzymatic ac-
tivity (Fig. 2), raising the question of how such a
non-predominant component of total NOS enzymatic activity
could substantially modulate MPTP-induced SNpc injury. The
answer may reside in the distance that NO must travel from the
site of release to the dopaminergic neurons. Indeed, as de-
scribed above, ventral midbrain nNOS-positive neuronal ele-
ments are located far from dopaminergic structures and thus it
is likely that the amount of nNOS-derived NO that succeeds in
reaching the target neurons is much less than could be ex-
pected, given the nNOS catalytic activity. In contrast, ventral
midbrain iNOS-positive microglial cells are in close proximity

MACA—> s - o

B-ACtIN D wum o o

Fig. 3 MPTP-induced neuronal loss and microglial reaction in INOS™
mice. @, SNpc TH-positive neurons are twice as resistant to MPTP in iNOS™
mice than in wild-type (WT) littermates, 7 d after MPTP injection. in addi-
tion, there is no noticeable difference in TH-positive neuron density after
saline injection between iNOS” mice and WT littermates (Table 1, actual
neuronal counts). b and ¢, Ventral midbrain western blot analysis (b) and
SNpc immunohistochemical analysis (c) for MAC-1, showing the similarity
of the microglial response between the iINOS*~ mice and their wild-type lit-
termates (WT), 24 h after MPTP injection. Scale bar represents 200 um (a
and ¢, shown in ¢).
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to dopaminergic structures and thus the amount of iNOS-de-
rived NO that succeeds in reaching the target neurons is con-
ceivably very substantial. Also relevant is the fact that nNOS
activity is under the dynamic regulation of calcium, thus it is
probable that midbrain nNOS does not produce anywhere near
600% as much NO as iNOS.

As for mechanisms, NO is a weak oxidant and thus it is not,
by itself, sufficiently damaging to participate directly in MPTP
deleterious effects. Alternatively, NO-derived species with
stronger oxidant properties, such as peroxynitrite, can unques-
tionably cause direct injury to the dopaminergic neurons®. In
addition, peroxynitrite can nitrate tyrosine residues*, which
may serve as a stable biomarker for peroxynitrite actions.
Supporting the possibility of involvement of peroxynitrite in
MPTP neurotoxic process is our demonstration that nitrotyro-
sine levels were significantly increased after MPTP injection
only in brain regions known to be susceptible to the toxin
(Table 4), which is consistent with previous studies'?**. Even
more compelling, MPTP-injected iNOS”~ mice, which showed
significantly less SNpc dopaminergic neuronal loss (Table 1),
also showed significantly smaller increases in ventral midbrain
nitrotyrosine levels than their wild-type counterparts (Table 4).

Our data provide evidence for a pivotal role for microglial
iNOS-derived NO in the cascade of deleterious events that ulti-
mately leads to SNpc dopaminergic neuronal death in the
MPTP mouse model and in PD. Therefore, our study indicates
that inhibition of iNOS may be a valuable target for the devel-
opment of new therapies for PD aimed at attenuating the ac-
tual loss of dopaminergic neurons. However, this study also
shows that iNOS inhibition may not be efficacious in preserv-
ing striatal nerve fibers from MPTP neurotoxicity. This indi-
cates that the ideal therapeutic approach for PD may require
the combination of iNOS inhibitors with other agents that
have strong abilities in promoting nerve fiber re-growth and in
stimulating dopaminergic function as well as in preserving
dopaminergic nerve terminals. So far, multi-drug strategies
have proved to be successful in fitting other pathological con-
ditions, such as HIV infection and cancer.

Methods

Animals and treatment. Eight-week-old male C57/bl mice (Charles River
Laboratories, Wilmington, Massachusetts) and iNOS-deficient mice
(C57/bl-NOS2™™ 4 Jackson Laboratories, Bar Harbor, Maine) and their
wild-type littermates were used. Mice (n = 4-6 per group) received four in-
traperitoneal injections of MPTP-HCI (20 mg/kg of free base; Research
Biochemicals, Natick, Masssachusetts) in saline at 2-hour intervals in 1 day,
and were killed at selected times 0-21 days after the last injection. Control
mice received saline only. This protocol was in accordance with the NIH
guidelines for use of live animals and was approved by the Institutional
Animal Care and Use Committee of Columbia University and Johns
Hopkins University School of Medicine.
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MAC-1, GFAP, and iNOS immunohistochemistry. These were done as
described*® on cryostat-cut sections (30 um in thickness) encompassing
the entire midbrain, and used the following primary antibodies (at the fol-
lowing dilutions): rat antibody against MAC-1 (1:1,000 ; Serotec, Raleigh,
North Carolina), rabbit antibody against GFAP (1:1,000; Dako,
Carpinteria, California), and rabbit antibody against iINOS (1:1,000;
Transduction Laboratories, Lexington, Kentucky). The double-immunos-
taining procedure for iNOS and MAC-1 or GFAP was used as described
with minor modifications. Because the number of iINOS-positive cells in
the SNpc at any given time was very small, we could not use a stereologi-
cal method®, but instead have used an assumption-based method?, fol-
lowing strict guidelines® to ensure the validity of our quantification
technique.

RNA extraction and RT-PCR for iNOS and B-actin. These were done
using methods described*, using the same pair of primers for iNOS and B-
actin, PCR conditions, and a slightly modified reaction mixture (20 ul) con-
sisting of 1 ul cDNA template, 18 pl Supermix (Life Technologies), 10 fmol
32P-dCTP (specific activity, 3,000 Ci/mmaol; NEN) and 4-10 pmol of each
specific primer. After amplification, the products were separated by 5%
polyacrylamide gel electrophoresis. After being dried, gels were exposed
to phosphoimager screens (BioRad, Hercules, California), and optical den-
sities were determined using a computerized image analysis system
(BioRad, Hercules, California).

Assay of INOS catalytic activity. nNOS and iNOS catalytic activities were
assayed in midbrain samples from four mice per time point and condition,
by measuring both the calcium-dependent and calcium-independent con-
version of *H-arginine to *H-citrulline as described®*. No substantial *H-
citrulline production occurred in the absence of nicotine adenine
dinucleotide phosphate, and this represented background counts.

Measurement of striatal dopamine, DOPAC and HVA levels. High-per-
formance liquid chromatography (HPLC) with electrochemical detection
was used to measure striatal levels of dopamine, DOPAC and HVA using a
method that has been described®, with minor modifications of the mobile
phase. At 7 d after the last MPTP injection, iNOS™ mice and wild-type lit-
termates (four to six per group) were killed, and the striata were dissected
out and processed for HPLC measurement. The modified mobile phase
consisted of 0.15 M monochloroacetic acid, pH 3.0, 200 mg/l sodium
octyl sulfate, 0.1 mM EDTA, 4% acetonitrile and 2.5% tetrahydrofuran.

Measurement of striatal MPP* levels. HPLC with ultraviolet detection
(wavelength, 295 nm) was used to measure striatal MPP* levels using a
method that has been described®. Groups of iINOS ~ mice and wild-type
littermates (four per time point) were killed at 90, 120, 180 and 360 min
after the fourth intraperitoneal injection of 20 mg/kg MPTP, and the striata
were dissected out and processed for HPLC measurement as described?.

iNOS7- TH and Nissl staining and stereology. The total number of TH-
and Nissl-stained SNpc neurons were counted in five mice per group using
the optical fractionator method as described®; this is an unbiased method
of cell counting that is not affected by either the volume of reference
(SNpc) or the size of the counted elements (neurons)*®. TH immunostain-
ing was done as described”, using an affinity-purified polyclonal antibody
against TH (1:2,000 dilution; Calbiochem, San Diego, California).

Immunoblots. Mouse brain protein extracts from selected regions were
prepared as described®. For western blot analysis, 10% SDS-PAGE and
transfer of proteins to nitrocellulose membrane were done as described®,
and blots were probed with either antibody against MAC-1 (1:1,000 dilu-
tion; Serotec, Raleigh, North Carolina), antibody against GFAP (1:2,000 di-
lution; DAKO), antibody against iNOS (1:1,000 dilution; Transduction
Laboratories, Lexington, Kentucky), or antibody against B-actin (1:5,000
dilution; Sigma). For dot-blot analyses, 100 ng of protein extracts were
loaded onto the nitrocellulose membrane, and blots were probed with an
affinity-purified polyclonal antibody against nitrotyrosine (1:1000 dilution;
a gift from H. Ischiropoulos). For all blots, bound primary antibody was de-
tected using a horseradish-conjugated antibody against 1gG (1:2,000 dilu-
tion; Amersham) and a chemiluminescent substrate (SuperSignal Ultra;
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Pierce Chemical, Rockford, Hllinois). X-ray films (Kodak BioMax MS) were
scanned on a HP-4C Scanjet and bands were quantified using NIH-Image
1.62 software. For all dot-blot analyses, optical densities were converted
into nanograms of nitrotyrosine using a standard curve generated from dif-
ferent concentrations of nitrated bovine serum albumin (a gift from H.
Ischiropoulos) corresponding to 14-350 g nitrated protein or 0.4-10 ng
nitrotyrosine. In preliminary experiments, we confirmed the specificity of
nitrotyrosine immunoreactivity by demonstrating that immunostaining is
abolished either by co-incubating the antibody against nitrotyrosine with
10 mM nitrotyrosine or by treating blots with 10 mM sodium hydrosulfite,
to reduce nitrotyrosine to aminotyrosine, before incubation with the pri-
mary antibody®'.

Statistical analysis. All values are expressed as the mean * s.e.m.
Differences among means were analyzed using one- or two-way ANOVA
with time, treatment or genotype as the independent factors. When
ANOVA showed significant differences, pair-wise comparisons between
means were tested by Newman-Keuls post-hoc testing. In all analysis, the
null hypothesis was rejected at the 0.05 level.
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